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Abstract

['l'he state of the art of high-energy density, organic electrolyte
battéries has been summerized and reviewecﬂ to present the data which has
been published in a more convenient, condensed form, and to pinpoint the
problem areas on which future work should be concentrated. [The report
encompasses work which was published during the period 1962 to October
1966, and which was sponsored either by the US Government or by industrial
companies and made available to the public. The material in this report
is organized as follows: (1) selection of anode~cathode couples, (2) selec-
tion of battery components including electrolytes, half-cell systems, and
separators, (3) design and performance of experimental cells, and
(4) problem areas and areas of future work_'.]
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SPATUS REPORI ON ORGARIC EUECTROLYTE HIGH-ENERGY DERSITY BATTERIES

IRTRODUCTIONR

In recent years the United States Goverrment bas expended considersble
effort to develop power sources which would provide energy densities gresater
than those presently availeble. The needs of the military and of the field
of space exploration, with their incressing demands for electrical power
sources for applications where weight snd volume are costly commodities,
have provided the impetus for this development.

This status report has been written for the US Ammy Electronics Command
in an attempt to collect, summarize, and review the state of the art of high-
energy demsity, organic electrolyte batteries. Its primary objectives are
to presert the data, which has been published in a large mmber of reports,
in 2 more convenient, condensed form, and to pinpoint the problem sreas on
vhich future work sheuld be concentrated.

In order to cover the subject with sufficient depth, the scope of this
report has been limited to organic electrolyte batteries only. This was
necessary because of the large body of data which has accumulated during
the period beginning with early 1962 and ending with October 1966 during
vhich time the Govermment has spent more than $3,000,000 on organic electro-
lyte batteries. This limitation of scope is practical for several other
reascns: :

1. Most of the research has been directed toward the study of
topies which are peculiar to these systems. Therefore, this research can
not be discussed in context with similar efforts in other areas. PFor
example, studies of the compatibilities of organic electrolytes with
reactive electrode materials such as lithium and cuprie fluoride have no
counterpart in other areas of current battery development.

2. Much of the current work has been concerned with collecting
basic data similar to that whieh has been available for aqueous electrolytes
for decades: For example, conductivity measurements and studies of lonilc
equilibria. Therefore, this work is not comparable with the work in other
areass of contemporary battery research.

3. No practical organic electrolyte battery has yet been developed,
80 that it would be premature to compare their performance with that of
other power sources such as silver-zinc cells, ammonia batteries, metal-air
batteries, or fuel cells, all of which have been further developed and
actually used as power sources for special applications.

, The data presented in the Tables and in the text of this report is
included only for the purpose of the discussions and does not represent a
complete compilation of the data available. However, references are in-
dicated in the text to serve as a guide for the reader vho desires more
detailed information on any particular topic. The list of references at
the end of this report has been made as complete as possible.




THE SELECTION OF ANODE-CATHODE COUPLES

The thermodynamic properties of electrode couples have served as the
- basic eriterion for the selection of electrode systems for possible use in
high-energy density batteries. Of primary importance in the considerstion
of a given electrode couple are the free energy change, AF®, for the
postulated electrode reaction, and the equivalent weight of the electrode
material. The free energy change can be defined by the equation,

O _ AR® _ ARO
AF —AFP AFr

where AF; and AF: are the stendard free energies of formation for the

rroducts and reactants of the electrode reaction. These free energies are
available in tables of thermodynamic data.

The standard electrode potential, E°, for a given couple can be
calculated from the equation,

= AFKeal _
2= (23 Keal volt~'Faraday™t)(n Faraday)

whe:e n is the mmber of electrons involved in the electrede reaction.

The theoretical capacity (amp-hr) of am electrode is given by the
equation,

(wt. electrode)(n Faraday)(26.8 amp-hr Farsday )
Capacity = = (mole w:. electrode mt::rin.l)

and the theoretical energy demsity (whr/1b) of an electrode couple by

- A!’O Keal h 06 1b .
Energy density = énole Wwt. reactants gr){0.86 Keal/var)

The above equations hold only for complete, reversible, electro-
chemical reactions, and represent the maximum values vhich would be
obtained under ideal conditions. 1In practical electrochemical cells,
vhere the conditions are not ideal, these values can never be realized;
however, the calculsted values do provide a convenient means of selecting
potentially useful electrode couples. A collection of calculated parameters
for electrode couples which have been proposed for high-energy density
batteries is presented in Table I.

Lithium, magnesiwm, and calcium have been proposed as enode materials,
while metal halides, metal oxides, oxygen and several organic compounds
have been suggested as cathode materiesls. Most of these substances could,
theoretically, provide cell veltages on the order of 3.0 volts and energy
densities in excess of 500 whr/ . Wher compared with the figures for the
silver-zinc battery, ¢ne of the highest energy density aqueous systems,

2
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TABLE I

HICGH-EWERGY DERSITY ELECTHRODE COUFPLES

Equiv. ‘ -AF° of
& z"’“"";} (esl/  #  Demsity
Reaction equiv) &r mole) (volts) (whr/1b)
2L1 + Culfy ——a 2LiF + Cu 57.6 | 0.465 163.2 3.55 49
2114 + CuClpy — 2LiC1 + Cu| Th.2 | 0.362 1h1.L 3.07 503
PLL + MiF, ——» 2LAF + Ki 55.5 | 0.483 130.4 2.83 620
PLi + FiCL,~—es-2LACL + Ki| T1.5 | 0.375 118.3 2.57 k37
PL1 + AgF,— 2LiF + Ag 79.9 | ©.336 238 5.16 786
P-i + AgF ——»LiF + Ag 133.8 | 0.200 95.3 b, 14 375
el + AgCl—->LiCl + Ag 150 0.178 65.5 2.8 229
RLi + 30,—=L1,0 15.0 | 1.7T8 133.9 2.91 2365
Ce. + CuFy—— CaF, + Cu 70.7 | ©.38 161.7 3.51 60k

+ CuF, — MgF, + Cu 62.7 o.h27 134.8 2.92 566

vhich has & theoretical voltage of 1.96 volts and maximm energy density of
only 25k whr/lb, the remson for the interest in these reactive electrode
couples becomes cbvious,

Whether an electrode couple vwhich has the requisitethermodynamic
properties will be useful in a practical high-energy density battery depends
on seversl non-thermodynamic considerations:

1. Can this couple be incorporated inteo a battery system which is
capable of delivering electrical energy without suffering apprecisble losses
due to polarization, incomplete reaction, or parasitic side reactions? The
research which has been done on this subject is extensive, and will be re-
viewed in the next chapter.

2. Can this couple be incorporated into a canplete battery package
without requiring extra weights for "dead weight” components such as electro-
lyte, casing, leads, or separator? If extra dead weight is required for the
battery design it may negate the gains in energy density made by the use of
high-energy density couples.

A figure of merit expression vhich provides a method of analyzing
battery performance in terms of the three factors wvhich determine its energy

3




density, namely, the thermodynamic properties of the electrode couple, the
electrochemicel behavior, and the design requirements, has recently been
developed.l This system of analysis will be described in the chapter on
Cell Studies of this report and will be used, in so far as the data allow,
to compare the battery systems which have so far been tested. '

SELECTION OF BATTERY COMPONENTS

A large portion of the research effort on organic electrolyte systems
has been directed toward finding components which are suitable for use in
high-energy density batteries. Investigetions have been conducted to find

the following:

1. Electrolytes which are compatible with the highly resctive
electrode materials and which have acceptably high electrolytic con-
duetivities. : _

2. Half cell systems which exhibit acceptable electrochemical
reversibility.

3. Separators which aré compatible witk the high-energy ljltem
and which are mechanieally strong emough to prevent short-circuiting of the
cells.

Selection of Solvents

The selvents to be utilized in electrolytes for high-energy demsity
batteries must have the following properties:

1. They mmst be aprotic and unreactive toward the active metal
anodes used in batteries of this type (for example, lithium).

2. They must be capable of forming solutions which have
reasonsbly high conductivities. Solvents with high dielectric comstants
and low viscosities were considered chief candidates.

3. They must have a wide liquid range.

Many solvents have been tested; however, only a few have shown any
Premise of being acceptable. These acceptable solvents, their dielectric
constants, viscosities, and melting and boiling points are summarized in
Fable II. .

Selection of Solutes

Solutes for use in high-energy density batteries should have the
following properties:

1. Form stable electrolytes which do not chemically react with
the electrode materials.

2. Have high solubilities in organic solvents.




TABLE II

SOLVEF? PROPERTIES

. . Melting Boilling
Dielectric Viscosity Point Point

_Solvent Corstant (Centipoise)  ©°C °c
Propylene Carbomste (PC) 6l .4 2.2 -9 22
y-Butyrolactone (BL) 39 1.67 -4 206
Dimethylsulfoxide (IMSO) L& 1.93 6 189
Nitromethane (W) 39.4 0.619 -29 101

eetonitrile {AN) 38.8 0.36 -42 82

,N-Dimethylformamide (IMF) 36.7 0.633 -61 153

ethylformate (MF) 8.5 0.330 -99 +31
rN-Nitrosédjmethy:‘lamine §.5"Y)! 53.0 0.865 — 153
Ethylene Carbonate (EC) 89 | 1.9 36 2u8
Dimethyl Carbonate (IMC) 15 0.60 1 90
[Pormamide (™) 111.5 3.76 3 21
P Perrttanone 22 0.4T -78 ioe
Cyclohexanone 18 2.8 ~16 156
r(efthyl Acetate 7.2 0.k1 -98 5T

. 3. Dissociate in organic solvents to form conducting solutions.

The salts which have been found to have these properties include
lithium perchlorate (LiC10)), lithiwa alumimmn chloride (LiAlClh), and the
hexafluorophosphates of sodium, ammonium, and tetra alkyl ammonium
(NaPFG, BH), FFg, NR).'_PF6).

Electrolyte-Electrode Material Compatibilities

The highly reactive electrode materials used in high-energy density
batteries cause special competibility problems. Therefore, a considerable
mmber of studies have been conducted to determine which electrolytes are
compatible with the electrodes.




The stability of lithium metal, which appears to be the most promising
anode material, has been determined by storing this metal in the electrolytes
for a period of time. Corrosion of the lithium has been detected by visual
dbservat&gn T and by measuring the amount of hydrogen evolved as a function
of time. Lithium has been found to be compatible with electrolytes which
contain LiClQ), LiAlClL), KFFg, or NaFFg dissolved in PC, BL, MM, or IMC,
provided that these materials are sufficiently pure and that water,
especially, has been excluded. Additional data on the c tibility o
lithium with various electrolytes has been reported.ﬂ’5’8T8?1%:17’2X’2§’h9

Cathode materials should have a very low solubility in electrolytes,
especially for secondary batteries and for non-reserve primary batteries.
The dissolution of the cathode material causes decreased battery capacity,
not only because of loss of active material at the cathode, but also
because of diffusion of the dissolved material to the anode where it dis-
charges.

The solubilities of cathode materials such as cupric fluoride (CuF,),
cupric chloride (CuCl,), cobalt fluoride (CaF3), and silver chloride (AgCl),
have been studied qualitatively by observation of the color of solutions
formed when various electrﬁlxtés were allowed to equilibrate with the solid
electrode material,l7>21,24,%9 More exact investigations of solubility have
been carried out by quan ive measurements such ag,conductivity measure-

gﬁr£itrationg,%'9’3&fﬁi B1 7

ments, and spectrophotometry. Sole%l§t¥ d&gal?fal
tﬂe followinﬁ Eathode mategials havE Eeen publishﬁd: CuFp; "2 '27 3,15,17,
24,49 CuCl,; ™2 1 coF ;13:1 »17,21,24,49 AgCl.lz’l CuF, has been found to
be less soluble than"CuCl, in a number of electrolytes which contain LiCl,
LiClOu, LiAlClh.or LdBFh as solute and PC or BL as solvent. (Table III.)

The nature and concentration of the solute in the various e&ecﬁrolytes
has & pronounced effect on the solubilities of CuFp and Cu012.7’ 1,49 fhese
effects may be attributed to the formetion of soluble complex ions, to
changes in the activity coefficients of the dissolved species or to pre-
cipitation reactions between solute and copper halide; however, little
quantitative date is available. Attempts to reduce the solubility of CuCl,
through the use of thehicmmon ion effect and mixed solvents have had
insignificant results.

The addition of small amounts of water to BL was found to increase the
solubility of CuF,.Tsd

Decomposition Potentials of Solvents and Electrolytes

Another approach to the determination of electrolyte and solvent
stabilities has been to measure decomposition potentials for the various
systems. This method of analysis is based on the premise that electrolytes
must not undergo electrocgegiﬁal reggt%on at potentials below that at which
a battery will operate.ai »6,49,67,63,69 To carry out decomposition
potential measurements the solution of interest is placed in an electrolysis
cell equipped with a pair of Pt electrodes and the current is then measured
as the voltage applied to the cell is increased. A sharp increase in
current indicates that the decomposition potential has been reached.




TABLE IIT

SCLUBILITY OF CUPRIC HALIDES IN ORGANIC ELECTROLYTES

Solubility

Cathode (Total Copper;

Material Electrolyte Mole/Lit) Reference

CuF,, - LiA1CL) -PC* 0.013 41

) LiBF),~PC 0.022 41

LiC10),~PC 0.027 L
L1C10y,-PC** 0.004T7 L9
LiAlCl),~BL 0.010 4

| LiBF),-BL 0.000 k1
1iC10;,-BL 0.002 L,
LiC10) ~NM** 0.015 L9
LiC10) ~AN** ©.003 kg
LiC10),-DMSO¥* 0.010 kg

CuCl, LiAlCYy, ~-PC 0.023 41
LiBFy,~-PC - 0.042 b1
L1C10),-PC 0.048 41
LiA1C1)-BL 0.046 b1
LiBF),~-BL 0.006 41 2
LiC10y-BL 0.008 43

*A11l concentrations are 0.1F except as noted.
*%1,0F concentration.

Decamposition potentials determined in this fashion appear to be of
questionable significance. Solvent decamposition is an irreversible process,
the decomposition potentials are therefore dependent on such experimental
conditions as type of electrode and the mode of potential increase.

Organic Electrolyte Conductivities

Flectrolytes for batteries must be sufficiently conductive in order to

. make the ohmic losses as low as possible. Therefore, many grgagic electro~
lgteﬁ have been regaﬁed and their conductivities measured.”s’» »12,13,16,17,

21,24,28,36,37,44,46,49 The effects of electrolyte composition, concentration,

and temperature on the specific conductivities have been investigated. A

compilation of some of the specific conductivity data is presented in

Table IV. Only those data are shown which serve as exsmples for the present

discussion, or which refer to electrolytes which have been actually




TABLE IV

THE SPECIFIC CONDUCTIVITIES OF ORGANIC FLECTROLYTES

A, The Effect of Solvent on the Specif(ijﬁgconductivities of 1.0F
LiCl0y Solutions. Temperature = 25

Solvent AN . IMF IMSO BL M PC {

Solvent 0.36 0.63 1.9 1.7 0.62 2.2
Viscosity .
(centipoise) 5

Solvent 38.8 | 36.7 | 48 39 39.h | 6u.b
Dielectric
Constant

Electrolyte 35.5 .23.1 13.7 10.7 2.3 - T3
Conductivity
(2 tem~1)x103

B, The Effect of Solute on the Specific Conductivities OSQEV[F
Solutions. Concentration = 1.0F; Temperature = 27-29

} Solute LiCl NaBF) NaPFg KPFg CsPFg MorpholiniumPFg
Conductivity
(Q'iimfl)xlo3 8 20 21.5 | 23.6 | 25.5 25.7

C. The Effect of Solute ConcEgtration on the Specific Conductivity
of LiCl0y~PC Electrolytes

Concentration
(Formal) 0.2 0.k 0.6 0.8 1.0 1.2 1.k 1.6

Electrolyte
Viscosity

(Centipoise) 2.6k | 3.15| 3.86| k.85{ 6.19 ;

Electrolyte
Conductivity
(" Yem1)x103| 3.15 | b.90| 6.40! T.15| T7.25 | 6.85] 6.25| 5.50

incorporated into experimental batteries. The following general con-
clusions can be drawn:



1. The specific conductivities of organic electrolytes are about
one order of magnitude lower than those for corresponding aqueous solutions.

2. The nature of the solvent has & proncunced effect on the
conductivity of the solutions. Generally, increasing the dielectric con-
stant of the solvent increases the conductivity whille increasing the
viscosity of the solvent has the opposite effect.*

3. The specific conductivity of electrolytes increases as the
size of the solute ions increases.

k, The specific conductivity is a maximum for most electrolytes
when the concentration of solute is about one formal. The decrease in
conductiviBX sbove this concentration has been attributed to increased
viscosity.

Binary mixtures containing a solvent with a high dielectric constant
and a solvent with a low viscosity gaXE been utilized to obtain electro-
lytes with improved conductivities. 0.63 F LiAlCl), in a l:1 mixture
of PC and diethylether exhibited a higher conductivity (lxlO'aﬂrlcmfl than
equivalent solutions in either of the solvents alone (PC-6xlO“3ﬂT1cm? H
Ether-2.7x10"30"tem=1)

Attempts bave been made to increase electrolyte conducﬁigigies by
dissolving gases such as NH3, 802 and CO, in the solutions.”?-? It was
anticipated that the dissolved gas molecules would arrange themselves
around the solute ions thus increasing the degree of dissociation of the
solute and also, increasing the mobility of the solute ions. The results
of these experiments were inconclusive since no significant improvement of
the electrolyte conductivities was obtained.

HATKF CELL STUDIES

Half cell studies have been conducted to determine whether the couples,
which have been selected because of their high free energies of reaction
and low equivalent weights, can serve as anodes and cathodes in & battery.
Several electrochemical requirements must be met to achieve high-energy
densities and trouble-free operation of the battery:

1. The electrode potentials at open circuit should be close to
the potentials calculated from the thermodynamic values.

2., The electrodes should polarize little when current is applied.

3. The electrode potential should not appreciably change during
the discharge or charge.

k. The coulambic efficiencies of the electrode reactions should
be high.

*The data presented in Table IV-A are not truely representative of this
trend, since the viscosities shown are those for the solvents and not the
solutions, the viscosities of which may be several times larger than those
‘for the pure solvents. _

9




5. The electrode reactions must be reversible in order to be useful
for application in secondary batteries.

Flectrochemical Technigues

Half cell measurements have been used to study the electrochemical
behavior of anode and cathode seperately which is not possible when these
electrodes are combined in a complete ceLl.

The technlques common]q‘r‘ employed in half cell investigations have
included the following:

1. Potentiometric measurements. The relationship between the
electrode potential, E, and the concentrations of potential determining
species, C, and C,, is studied. Conformity to the Nernst equation,

E=E°--§§‘-ln£:£

o

is assumed to indicate that the electrode reaction is reversible.

2. Steady-state current-voltage measurements. The electrode
potential, E, is measured as a function of the current density, i. From
the intercept and slope of & Tafel plot of the data (ln 1 vs ES the ex-
change current demsity, i,, and transfer coefficient, a , which are
cheracteristic of the kinetics of the electrode reaction; can be determined.
The limiting current, i,, which is a measure of the meximum obtainable rate
of an electrode reaction, under a given set of conditions, is another
parameter which is commonly measured under steady-state conditions.

3. Cyclic and linear voltammetry. The current is measured while
the electrode potential is scanned in either the cathodic or anodic
direction. Peak currents, 1 , and peak potentials, E , which are
characteristic of the electrode reaction, are observell. By varying the
rate and direction of the potential scan, information sbout the reversibility
of the reaction, and number of electrons and number of steps involved in the
reaction can be gained.

. 4, Chronopotenticmetry. A comstant current pulse is applied to
a working electrode, and the electrode potential measured as a function of
time. Depletion of the electroreactive species at the surface of the
electrode is marked by a sharp change in the electrode potential, and the
time elapsed from the start of the pulse to the change in potential is
designated the transition time, r . For a diffusion controlled reactlon,
the current demsity, i, bulk concentration of electroactive species, C, and
transition time are related by the equation,

1
T2
i = constant.

Deviation from this behavior indicates that the electrode process is not
diffusion controlled.

10




5. Coulometric techniques. An electrode containing a known amount
of active material is discharged, and the number of coulambs delivered
during the discharge measured. The theoretical capaclty of the electrode
is given by the equation,

capacity (coulombs) =~EKM-

where F is the Faraday (96.5x10° coulombs), M is the weight of active
electrode material, and A is the equivelent weight of the electrode _
material. The coulombic efficiency is then calculated using the equation,

coulonmbs observed % 100 «
theoretical coulambs.

The cycling efficiency for a secondary system 1s calculated using a -
similar expression,

efficiency (%) =

coulombs discharged

coulonbs charged x 100 .

cycling eff. (%) =

6. Discharge measurements. Electrodes are discharged either at
constant current or constant load, and the electrode potentials measured as
a function of time. The electrode polarizaetion and the coulombic efficiency
can be directly evaluated.

The Lithium Electrode in Primary Systems

The lithium electrode has been found to be reversible in several
electrolytes. Illustrative of these findings are potentiometric studies
conducted on the system

L1/1iC1( ¢ )~IMF//L1CL(1F )-IMF /L1

the potential of which Eas foun ti‘o obey the Nernst equation over the LiCl
concentration range 107" { ¢ { IF,™ and the system

L1,/LiC10)( e )-PC//11C10),(0.5)-PC/L1

which obeys thﬁ Nernst equation over the LiClO) concentration range
0.1F ¢ 1.0F, %9

The relationship between current and potential for lithium electrodes
has beeﬁ 2éeasured under steady-state conditions in a mumber of electrolytes.
12,13,14,62 1In general, it has been found that the polarization of this
electrode is small. The following sequence is observed when the electro-
lytes (1F) are arranged in the order of increasing polarization:

KPFg-MF < LiC10)~MF <LiA1Cl) ~NM <KSCN-IMF  KSCN-BL < LiC10}-PC
{NaFFg-PC { L1A1C1), ~PC.

The effect of solvent appears to be more pronounced than that of the
solute. , :




The exchange current density for the lithium electrode has been found
to be, on the order of 1 ma/cm? in electrolytes containing PC, BL, IMF,
IMSO, — and PC-MM72 mixtures. This high exchange current indicates tha
the lithium electrode is fairly reversible. :

The coulombic efficiencies of lithium anodes vary between TO% and
100% depending on the electrolyte used. Further, the efficiencies are
relatively independent of the current density as long as the current is
below its limiting value. These observations are illustrated in Table V
where representative coulambic efficiencies are listed for various electro-
lytes and current densities. ‘

TABLE V

COULOMBIC EFFICIENCY OF LITHIUM ANODES

- Current Coulambic
Densit Efficiency
Electrolyte  {(ma/ c:mg ) (%) Reference
O.5F LiBF)‘_-PC 23.5 81 | b3
1.8 T8 b1
17.7 98 _ 41
1.8 83 o k1
1.0F L:lCth-PC 10.0 TO k9
5.0 73 k9
1.5 73 b9
2.0F LiC10),-IMC 2.0 90 ko
1.0F LiC10)-Cyclohexancne 2,0 70 49

The effect of electrode composition and fabrication on the coulombic
efficiency of lithium anodes has also been investigated. The methods of
electrode preparation have included the following:

1. Pressing or rolling lithiym ribbop onto 1 screen made of
copper, silver, nickel, or almnimm.a:g%:lzsl »21,30,49

2. Pressini lgtﬁium powder with or without conducting additives
onto metal screens.21,30,49

3. Dipping nickel screen into molten lithilm.12’37
The method of preparation which is simplest and which appears to give the
best results in terms of least polarization and highest efficiency is that
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of pressing or rolling the lithiuw onto screens. Dipping of nickel screen
into molten Iiithiun gave the leset satisfectory results due to uneven
distribution arnd poor adherence of the melal.

It has been found that lithium electrodes can be stored in an argon
atmosphere, in paraffin oil, or in LiCl0y-FC electrolyte for several months
without losing coulombic efficiency or ghowing increased polarization. 9
It has also been shown that etching lithium electrodes with methanol is
deleterious since it results in eclectrodes which polarize severely at the
beginning of thelr discharge. This may be due to film formation on the
electrode surface during the etch procedure.

' The Lithium Elecirode in Secondary Systems

In secondary or storage bathtery applications it is necessary that the
lithium electrode operates efificiently not only during discharge, but also
during charge. Therefore; considereble work has been done in studying the
electrodeposition of lithiw.

One of the primary objectives of this work has been to obtain compact,
adherent deposits on a variety of metal substrates. Ir pursuing this goal,
many variables have been investigated including the effects of electrolyte
composition and concenrtrition, cetlicdic current density, and amount of
lithium deposited.12,14,40,41,49 Best results have been obtained by
depositing lithium from concentrated solutions of LiClOu or LiAlClh in PC,
LiAlCL, in WM, or LiAlCl, in an IM-PC mixture. 10 ma/cm® appears to be the
optimum current density for deposition from these solutions. Under these
conditions grey, dendritic, fairly adherent deposits were obtained. The
adherence of the deposit was slightly improved by the presence of 0.2% of
the sodium salt of Rhodamine B or of disodium fluorescein in the LiAlCl,-PC
solution. Coarser, more dendritic deposits were obtained when the current
density and/or when the total amount of lithium deposit were increased.

When deposition of lithium was carried out from solutions containing
AlCl3 it was generally found that small amounts of aluminum were co-deposited
with the metal. The amount of alumimm co-deposited depended on the com-
position of the electrolyte and the current density. When deposition was
carried out at 2 na/cm2 from a solution which was 7.5F AlCl,, saturated with
LiCl in_PC,it was found that the co-deposit amounted to app%oximately 2% by
weight.l For a solution which was 0.35F A1Cl,, O.15F LiCl in PC, the
Pollowing results jere obtained when 8.6 coulo%b/ cm® were deposited on
copper substrates: 0

current density (ma/cn®) 5 9 15 21 30

weight % Al 4o 9 38 50 T2

The cowlombic efficiency of anodic-cathodic cycling is of great
significance in secondary battery applications of the lithium electrode.
A summary of the results of measurements of cycling efficiencies is
presented in Table VI,




'Bo

TABLE VI

CYCLING EFFICIENCIES OF LITHIUM ELECTRODES

A. Effect of Electrolyte Composition on Cathodic and Anodic
Efficienciesl
Current density: 2 ma/cm‘?' on charge and dischsrge
Conditions: 3 min., cathodic deposition; anodic stripping
to cut=off of 2.0V vs lithium reference electrode
Substrate: Nickel

- Coulombic Efficiency
Electrolyte Cathodic Anodic

0.64F LiClO)-PC 95-100% 84%
0.63F LiA1Cl) -PC 95-1.00% 50%
Effect of Electrolyte Composition on Cycling Ei:’f‘:‘uc:ienciesh:L
Substrate: Polished platinum disc
Current density: Equal for both charge and discharge in
all cases
Amount Current Cycling
Deposited Density Efficiency
Electrolyte (coul/cm?) (ma./cma) (%)
0.1F LiBF), -BL 1 10 51
0.1F LiBF 3 10 22-35
0.5F LiCl -BL 0.5 10 84
0.1F LiClO),-mSO 3 10 T
0.05F LiCl0)~-PC 1 5 i
0.1F LiCl0)-PC 1 5 T6-78
0.2F LiCl0)~-PC 1 6 78
0.3F LiClOy-PC 1l 5 80
k1

c.

Effect of Current Density on Cycling Efficiency
Electrolyte: O0.3F LiCth-PC
Substrate: Polished platinum
Amount Deposited: 1 coul/en?

Current density (nm/cma) 5 10 20 .

Cycling Efficiency (%) 80 81 T5
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TABLE VI (CONTD)

D. Effect of Amount Deposited on Cycling Efficiency
Electrolyte: 1.OF LiBFy-PC
Current density: 25 ma/cm® cathodic; 100 ma/cm? anodic
Substrate: Polished platimm dise '

Amount deposited (coul/cz?) 1.5 3.0 6.0 30,0
Cycling efficiency (%) 67 75 46 36

E. Effect of Substrate on Cycling Erficiencyhl

Electrolyte: 0.5F LiAlCl,-PC
Current density: 10 ma/cm? both _cathodic and anodic
Amount deposited: 5 coulombs/cm®

Electrode material copper copper silver platimm beryllium
(flat) (porous) (flat) (flat) (flat)
Cycling Efficiency (%) 75 86 95 98 63
:10)

F. Effect of Water on Cycling Efficiency
Electrolytes: 0.2F LiClO,-PC
Current density: 5 ma/cm™ both cathodic and anodic
Amount deposited: 0.15 coul/cm?
Conditions: Anodically stripped until steep increase in voltage

Water added (mole/lit) 0.00 0.01 0.12 O.k2  0.61
Cycling Efficiency (%) 50 hs 33 18 5

Both the solvent and solute used in making up the electrolyte sffect
the efficiency of cycling. The data which are so far available on the
effect of electrolyte composition on the cycling efficiency do not allow
a quantitative comparison. However, & comparison may be made qualitatively.
The solvents, giveh in order of decreasing cycling efficiency, are

PC = BL ) IMSO»AN.
The solutes, listed in order of decreasing cycling efficiency, are
LiCth>LiAlClh = LiBF),.

The concentration of the solute has little effect on the cycling
efficiency of the lithium electrode except in so far as the concentration
affects the limiting current of the electrode reaction. The cycling
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efficiency increases only slightly with increasing concentration of solute.
When the limiting current is exceeded, the cycling efficiency is drastically
reduced. This phenomenon is illustrated in Table VI-B.

The current density appears to have little effect on the cycling
efficiency of the lithium electrode &s long as the current does not exceed
the limiting current for the system. 1 There have been experiments conducted
which tended to indicate that there was & dependence of the cycling efficien-
cy on the current density; however, in these experiments the total amount
of lithium deposited was not kept constant, and it has been shown that the
iﬂc}:{c of lithium does have an effect on the efficiency of the deposition.

’ It was found that the greater the amount of lithium deposited the
- lower the efficiency. The effects of current density and amount of lithium
deposited are illustrated in Tables VI-C and VI-D.

- The metal substrate onto which lithium is deposited has some effect on
the cycling efficiency. The highest efficiencies have been obtained with
platinum, silver, and aluminum substrates. It appears the lithium forms
alloys with these metals as 1s indicated by the fact that during anodic
stripping of electrodeposited films of 1ithium the potential shifts
gradually toward more positive values. On nickel,stainless steel, and
beryllium substrates, the efficiency is usually less. Anodic stripping of
lithium deposits on these metals givesconstant potentials until the deposits
have been entirely consumed, at which time a sudden potential step occurs.
This indicates that no alloys form between lithium and these substrates.i2,%l

The efficiency of cycling for lithium electrodes tends to decrease as
the nunber of cycles increases. At best, the cycling efficiency for lithium
electrodes appears to be about 85%. The reasons for this low value are not
entirely understood, however, the processes most likely responsible
follow:

1. Loss of electrical contact during anodic discharge due to a
preferential attack at the base of lithium dendrites. This idea is
supported by the fact that higher efficiencies are obtained when alloy
forming substrates are used. If the base of the dendrite were alloyed it
would be less reactive than pure 1ith11m.hl

2. Mechanical loss of electrodeposited lithium. This is supported
by the fact that efficiency is dependent on amount of lithiwm deposited
which 1ndi&a£is that as more lithium is deposited the deposit becomes less
adherent.~"?

3. Alloy formation with substrate material. It has been shown in
cases where alloying was suspected that not all of the lithium on the ok
electrode was utilized during an apparently complete anodic discharge.l s41

L. Occurrence of side reactions which consume lithium, but produce

no electricity. The decrease of efficiency with increasing mmber of EIcles
indicates & buildup of deleterious impurities through side reactionms.
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Mass Transport Limitations of the Lithium Electrode

Expecimental evidence ig aveilabie which indicates that both the

cathodic and anodic reachionz of the lithium electrode are diffusion cone

trolled.

The evidence which leads to this conclusion has been collected by

measurements of limiting currents and by measurements of chronopotentiometric

|

| . .

| transition tines.
|

|

reactions have been observed and are listed in Table VII-A,

| A.

TABLE VII

LIMITING CURRENT DENSITIES AND CHRONOPOTENTIOMETRIC
CONSTANTS OF THE LITHIUM ELECTRODE

Limiting currents for both the anodic and cathodic

Limiting Current Densities, ij.
¥ .

) iy, 2 )
Electrolyte Agitation | Reaction |[{ma/cm®) [|Ref.
0.15F LiCl, 0.35F AiCL:-PC Stirred Cathodic 15 4o
0.32F LiAlCl), 0.54F AIC1;-PC| Unstirred | Cathodic 0.55 1k

Anodic 13 1k

0.63F LiAlCl)-PC Unstirred | Cathodic 1k 1k
) ‘ Anodic 13.8 1h

0.05 LiCth—PC Stirred Anodic L b1
0.10F LiCl0y-PC Stirred Anodic 11 41
0.2F LiC10)-FC Stirred Anodic 21 k1
0.30F LiCl0),~PC Stirred Anodic 26 k1
b

1
B. Chronoputentiometric Constants, 17—5/0, for Cathodic Reactions

Electrolyte Concentration 17%/ C
LiCl0)~PC O5F {C < .3F 200 + 15
LiCth-mSO 0.1¥ 280 + 20
Li'BFu-D/iF 0.1F 395 + 20
' LiBF) -AN .O5F; 0.1F 633
LiAlCll'_-BL 0.2F 285

Chronopotentiometric methods have been used to determine the characteristics
of the cathodic reactions of the lithium electrode. If the quotient,
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1
i72/C, where

current density of galvanostatic pulse

i=
7 = chronopotentiometric transition time
C= Aelectro]yte bulk concentration

is constant over a wide range of current ‘densities and concentrations s this
is assumed to be Indicative of a diffusion controlled reaction. As
illustrated in Table VI, this behavior has been observed in several cases.

Other Anodes

Magnesium, caleium, aluminum, and beryllium have all been investigated
for possible use as high-energy density anodes. The results so far obtained
have been unpromising.

The potentials at open circuit ang &Ering anodic discharge have been
measured for each of these mei;a.ls.al*:v2 E The results were much less
reproducible than for the lithium electrode. During discharge, voltage
oscillations and transients were common, which indicates that these
electrodes are not as reversible as the lithium electrode, and that under
same conditions these electrodes tend to form passivating films.

The Copper Fluoride Electrode

Copper fluoride, CuF,, has been extensively studied for possible use
as a cathode material in high-energy density, primary batteries. The.
characteristics which qualify it for this use are a low equivalent weight,
high free energy of reaction and an ability to discharge with high coulombic
efficiency and low polarization in organic electrolytes. No successful use
of CuF, in secondary batteries has yet been accomplished since no system
has been devised which will provide the fluoride ions necessary for re-
charging this electrode, - .

The discharge characteristics of CuF, electrodes are greatly affected
by the solvent, solute, and sciute concen%ration of the electrolyte. In
some electrolytes a constant decrease in potential is observed during
discharge, while in others the potentlial is found to remain fairly steady
until the CuF, has been almost completely consumed. Systems which ex-
hibited this Eater behavior include sclutions of LiClOy and gH SCN in
2-pentanone, 2,l-pentanedione, ethylacetate, PC, MF, and BL.©,9,21
Electrodes discharged in these electrolytes also gave better coulombic
efficiencies than those discharged in systems in which no voltage plateau
was observed. Generally speaking LiCl0; electrolytes give the best results
in terms of efficiencies and polarization while electrolytes containing
hexafluorophosphates give the poorest results. The effect of electrolyte
on the behavior of CuF, electrodes is summarized in Table VIII-A.

The effect of solute concentration on the efficiency of CuF, electrodes
has been studied with LiClOy-PC electrolytes. The results show that the
efficiency increases as the concentration increases up to a value of 1.25F,
and then decreases as the concentration increases further (Table VIII-B).
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TABLE VIII

THE COPPER FLUORIDE CATHODE

A, Effect of Electrolyte on Voltage Plateau and Coulombic E!t’fi‘:lc:lenc:,')*9
Cathode: 85% CuF,, 10% graphite, 5 % polyethylene powder, pressed
3 min at 90°C and 4000 1b/
Discharge: 2 ma/cm™ at room temperature to final voltage of O V
vs lithium reference electrode

Coulombic Plateau
Efficiency Voltage

Electrolyte (%) (V. vs Li)
1.25F LiC10),-2-pentanone 60 3.4
1.25F LiCl0) = 2,4-pentanedione| 25; >80 3.0; 2.1 (2 plateaus)
1.0F LiC10) - cyclohexane 4o 2.5 |
2.25F LiCl0) - ethyl acetate 60; >80 3.4; 1.6 (2 plateaus)
2.0F LiCl0), - dimethylcarbonate 65 - 3.5— 0 (mno plateau)
2.0F LiCl0) - dimethylsulfite 30 3.0
1.0F LiCl0) - PC 5 3.3
1.35F NH)SCN - PC >60 2.1
1.15F KSCN - PC 60 2.0 -0 (no plateau)
1.15F AlCly - PC 4 3.4 - 0 (no plateau)
1.0F KPFg - PC 2 2.2 50 (no plateau)

B. Effect of Solute Concentration on Coulambic Et'f:l.c:tency“9
Cathode: 85% CuF,, 10% graphite, 5% polyethylene powder, pressed
3 min at 90°C and 4000 1b/cw?
Electrolyte: LiCl0, - PC
Discharge: 2 ma./mnﬁ at room temperature to finmal voltage of O V
vs lithium reference electrode

LiCth concentration (F) | 0.25 0.50 0.75 1.00 1.25 1.50

Coulombic Efficiency (%) | 15 37 65 T5 7 72
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TABLE VIII (CONTD)

C. Effect of nt Density on Voltage Plateau and Coulambic
Efficienc ' :
Cathode: 85% CuF,, 10% graphite, 5% polyethylene powder pressed
3 min &€ 90°C and 4000 1b/cm?
Electrolyte: 1.C0F LiCl0y - PC
Discharge: Room temperature to final voltage of O V vs lithium

reference _
Cathodic current density - 2 4 6
Coulombic Efficiency (%) 76 63 59
Plateau Voltage (volts vs Li) 3.3 3.25 2.9

D. Effect of Temperature on Voltage Plateau and Coulombic Efficiencyhg

Cathode: 85% CuF,, 10% graphite, 5% polyethylene powder pressed
3 min at 90°C and 4000 1b/ca
Electrolyte: 1.(0F LiCl0;, ~ PC
Discharge: 2 ma/cm2 to final voltage of O V vs lithium reference
electrode '

Tempersture (°C) ] o 15 30 ko 60
Coulombic Efficiency(%) 28 k2 60 55 T0
Plateau Voltage (volts vs Li) | 3.3 3.3 3.4 3.4  3.5; 1.7*

¥Two plateaus observed.

One of the chief factors which limits the application of the CuFp
electrode is that its behavior is very sensitive to the current density at
vhich it is operated. It has been found that as the current density in-
creases, both the coulombic efficiency and the potential of the electrode
decrease.13,29 This point is illustrated in Teble VIII-C.

The bebavior of CuF, electrodes is strongly influenced by the com-
position of the material and the technique used to fabricate the electrodes.
The following methods of electrode preparation have been investigated:

l. Pasting & mixt of CuFaﬁ conductive additive, binder, and
solvent onto a metal screen.0,8,13,21549

2. Preparing a filter cake ?f GuEg, conductive additive, and
fibrous material on a metal screen.,”’? »21, ’ :

3. Pressing a dry mixture of CuF,, conductive additive, and
fibrous material ontoc a metal screen. ’13:2é9:38?ﬂ9

k, Hot pressing a miﬁture of CuF,, conductive additive, and
1 2
binder onto & metal screen.}3,%9
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5. Sintering CuF, onto & metal sheet.13,30

€. Chemically reacting CuO with BrF3.h9

Anodic oxidation of copper electrodes in fluoride containing
electrol;rtes 30,49

Each method of electrode preparation has a unique set of variable
parsmeters associated with it. These perameters may include, for example,
perticle size, amount and kind of conductive additive, amount and kind of
binder, compacting pressure and temperature, or plate thickness. The
situation is further complicated by the fact that many of these parameters
are interrelated, so that, for example, the kind of binder chosen affects
the compacting temperature, while the particle size would affect the optimum
compacting pressure and plate thickness. This interrelation of the
varisbles makes the Job of evaluating a particular electrode quite complex,
and causes considerable difficulty when attempts are made to compare the
performance of electrodes prepared by different methods. However, it is
felt that a discussion of the performance of electrodes prepared by the
various methods enumerated in the preceding paragraph is of value, since it
serves to indicate which methods of preparation mey be found useful in the
future, and also shows which methods have proved to be unsatisfactory.
Therefore, a presentation of some of the test results for the various pre-
parative methods is included below:

1. Pasted Electrodes:

A. A mixture of T0% CuF, and 30% silver flake, wetted with
xylene, has been pasted onto an expan ﬁed gilver mesh, placed in a vacuum to
remove the solvent, and baked at 200°C. When discharged in NaFFg-PC or
NaFFg-BL to 2.0 V cut-off (vs Li reference), this type of electrode yielded
T2% coulombic efficiency.l

B. A mixture of 90% CuF,, 9% graphite, and 1% cellulose
acebate + solvent (10% methanol, 90% ethyl acetate) was pasted on a metal
screen so that it had a thickness of 0.025" after evaporation of solvent.
Discharged in 4.TF LiCl0y-MF at 10 m/cm2 these electrodes yielded 60-T0%
coulonbic efficiency with an average voltage of 2.7 V. Electroges of this
type appear to be suitable for discharge at the 1-10 hour rate.

2. Filter Cake Electrodes:

A. A mixture of T7-90% CuF,, 7-16% graphite, and 3-T% paper
fiber was suspended in heptane, filtered in a paper sheet mold, pressed at
60-500 psi, and vacuum dried. The_loading of electrodes prepared in this
fashion was about 1.8 g of Cqu/ina. These electrodes were discharged

.across constant loads of 2000 "and 1000} with coulombic efficiencies of 81%

and 65% respectively. The average voltage was greater than 2.5V vs a

lithium reference. Losses of efficiency were attributed to incomplete

wetting of the electrodes, espec:la%lg when the amount of graphite was high

and the amount of paper fiber low. Coulanbic efficiencies were not

greatly aff%cted. by the thickness of the filter cake in the region
«05=0,15"
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B. 80g of CuF, were ball-milled in PC, blended with 10g of
graphite fiber, and 10g of powdered graphite, copper or silver. This
mixture was filtered to form a cake which was sandwiched between expanded
copper mesh. Discharged in 1.0F LiClohgc at 1 ma/ e these electrodes
yielded up to 58% coulombic efficiency. '

3. Dry Pressed Electrodes:

A. A mixture of 86% CuF,, T% graphite, and 7% paper fiber was
pressed onto metal screen at 5000 psi. This type of electrode had low 6
coulombic efficiency due to slow and incomplete wetting by the electrolyte.

B. A mixture of 78-92% CuF,, 5-11% fibrous material, and 3-11%
acetylene black was pressed at 10,000-20,000 psi to form the electrode. When
discharged at 1-10 ma/cw® in 1.0F (CgHs) (QH3)3NPFg-IMF or 1.OF LiCl0y~PC
this type of electrode polarized severely. 93

C. A mixture of 83% CuF,, 10% graphite, and 2% glass filter
vaper floc was pressed at 500 psi at room temperature. These electrodes had
poor m cal strength and yielded 61% efficiency when discharged at
2 ma/ in 1.0F LiC1l0;-PC. When fabricated with higher compacting pressures,
these electrodes had greater mecha.nicallg strength, but yielded lower coulombic
efficiency due to incomplete reaction.*9

k, Hot Pressed Electrodes:

A dry mixture of 85% CuF,,, 10% graphite, and Fhthermoplastic
binder (po]yethylene, Teflon, PVC-PVA“copolymeres)was pressed onto expanded
copper mesh at 3000-4000 psi and 90°C for 3 min. The loading was sbout 0.2g
mix/cn?. Discharged at 2 ma/cw® in 1.OF LiC10)-PC coplombic efficiencies
of 65-80% at average voltages of 3.3 V were obtained.*d

5. Sintered Electrodes:

A, CuF, powder was pressed at 200°C onto copper, aluminum, or‘
nickel screens. When discharged in (C6H5) (CH3)3NPF5-DMF electrodes of this
type polarized severely.3°

B. A mixture of CuF,, conductive additive, and thermoplastic
binder (scrylic dissolved in xylene) was pasted onto a metal screen, vacuum
dried, and heated to 150°C where the binder sintered, Discharged in NaFFg-PC
and NaFFg-BL, electrodes of this type showed low polarization and fair
coulombic efficiency. 3

C. A mixture of CuF2 and silver or copper flakes, supported
on a metal sheet without binder, was sintered. Discharged at 0.2 ma/cm?
in NaPFg~PC electrodes of this type yielded 51§ efficiencies at average
voltages of 2,0-2.5 V vs & lithium reference.

6. Electrodes Formed by Chemical Reaction:

An attempt was made to prepare CuF, electrodes by rea.ct& '
porous Cu0 electrodes with Br¥;. No CuF, was formed by this method.
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Te Electrodes Preparcd by Anodic Oxidatior of Copper:

Attempts were ma.dehto form Cu¥, by anodic oxidation of copper
electrodes in AsF3-PC solutions*? and in aqueous HF solutions.30 No success
was attained.

The temperature at which CuF, electrodes are discharged affects their
behavior. It has been found thet as the temperature is increased the ,
efficiency of the electrode reaction increases. However, at higher temp-
eratures there is an increasing tendency for the electrode to discharge in
two steps rather than in one, as is most desirable. For example, at 60°¢
a second plateau at 1.7 V is observed when the cathode is discharged in
1IF LiCl0)~PC. (Table VIII)

The Copper Chloride Electrode

The copper chlorides, CuCl, and CuCl, have been investigated to a
considerable extent for possible use as cathode materials in organic
electrolyte batteries. These compounds have an advantage over CuF, in that
systems can be constructed which give reversible electrode reactions.
Therefore, they can be used in secondary batteries, whereas CuF, has primary
battery applications only. CuCl, and CuCl have, however, the disadvantages
that they provide lower energy denmsities and are more soluble than CuFo.

The behavior of CuCl, electrodes during charging is strongly dependent
on the nature of the electrclyte. Pure copper electrodes can be anodically
oxidized in O0.5F LiAlCly solutions of PC, BL, IMSO, and AN to give CuCl with
about 100% coulombic efficieﬁiy. In 0.5F LiAlCL, - IMF, however, CuCl, is
formed with 100% efficiency.

Copper powder mixed with graphite has been found to oxidize in steps,
forming first CuCl and then CuCl, when electrolyzed in 1.0F LiAlCl,-PC.
When all of Elzxe CuCl had been consumed, chlorine gas was formed on er
anodization. Under steady-state conditions at 1-5 ma/ cm? the following
reactions were found to occur at the potentials indicated (vs Ag/AgCl
reference electrode): ' ‘

Cu + AlCl[; ——CUuCl + AlCl3 + e +0.2 V
CuCl + AlCli—»CuCle + ALCLy + & +0.9 V
2A101;;——>012 + 2AlCl3 + 2e” +1.TV

CuCl, undergoes stepwise reduction to CuCl and copper. At current densities
of 1-5 ma/cm® the following reactions occur at the indicated potentials

~ (vs ag/AgCl reference electrode):

CuCly + AlCly + e”——CuCl + ALCL, +0.5 V

CuCl + AICly + €™ ———>-Cu + AlCI) ~0.5 V

The coulombic efficiency of Cu012 reduction varies between 50% and T5%
depending on the electrode structure, volume and composition of electrolyte,
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and discharge rate. These low efficiencies are explainable in part by the
formation of soluble copper species such as CuCl% or CuCl; which diffuse : '
away from the electrode and are therefore lost t8 the reaction. The for-

mation of these species is reduced if an excess of A1Cl. is present, since
the reaction, 3 '

C1 + AICL, == AlCL

consumes cﬂloride ions, and thus prevents their reaction with the copper
chlorides.*l This explanation for low cﬁaulombic efficiency is supported by {
the following experimental observations:

l. The coulambic efficiency for reduction is increased when excess
AlCl, is added to the electrolyte. The efficiency increases from 50% in 1.(F
L 1h to 64% when a 0.5F excess of Al()l3 is present in the same electrolyte,

2. Cathodic efficiency increases from 60% to T3% when the current
density is increased from 5 to 10 ma/em® with 1.OF LiAlCl, -PC electrolyte.
In this case it is postulated that the copper chloride is reduced before the
soluble complexes have a chance to form or to diffuse into the bulk electro-
lyte-

_ 3. The formation of CuCl; and CuCly has been cbserved inh
conductometric titrations of CuCl and Cu012 Bolutions with LiC1-PC. 1

The Silver Chloride Electrode

Silver chloride, AgCl, has been found to undergo reversible, efficient
electrode reactions in a mmber of organic electrolytes, and is therefore
an attractive cathode material for secondary battery applications. The
major disadvantages of AgCl are its high equivalent weight and the low free
energy of its reaction with lithium. These factors combine to meke the
theoretical energy density of a lithium - silver chloride battery
(229 whr/l'b) less than half that of a lithium - copper fluoride battery
(749 whr/1v).

TABLE IX
THE SILVER CHLORIDE ELECTRODE

A. Effect of Electrolyte on Efficiency of Cathodic Reductionh'l
Electrode: 10 parts AgCl, and 1 part Ag powder pressed at 1500 lbs
1n70 essed Pt electrode. Theoretical capacity 8.5 ma
hr .
Conditions: Discharged at 4.2 ma,/cm2 at room temperature until steep
decrease in potential

Solvent PC [ PC PC { PC| BL| IMF| BL
Solute 0.5F 0.25F 1.0F | O.5F| 1.0F| 1.0F | 1.0F

LiA1Cly, | Morpholinium-FFg | LiBFy, | KPFg | KPFg| LiBF), | LiBF),
Coul. Eff.| 27% 10% 2% |0k (0% | 569 | 604
" ' ’ _ 2k




TABLE IX (CONTL)

B. BEffect of Current Density on Efficiency of Cathodic Reductionlu
Electrode: 90% AgCl and 10% acetylene black pasted on silver
screen and dried at 120°0C
Electrolyte: 0.63F LiAl1Cl)~FC
Conditions: Discharged at room temperature until steep decrease in
potential :

Current Density (ma/cu?) 0.7 1.0 2.0 3.0 4.0 5.0
Coul. Eff. 100%  96% 8he 66% 47% 20%

C. Effect of Electrode Composition on Efficiency of Cathodic Reductionll"
Electrode: T75% AgCl plus 25% additive wet pasted on Ag screenm,
dried, and sintered at 400°C
Electrolyte: 0.63F LiA1Cl,-PC
Conditions: Discharged at 2.9 ma/cm? at room temperature until
steep potential decrease ‘

Acetylene
25% Additive Agy0 Ag Flake Graphite Carbon Black
Coul. Eff. 5=10% 8=-10% 20-30% 25=-36% 42%

D. Effect of Mix Weight on Efficiency of Cathodic Reductionlh
Electrode: T5% AgCl, 10% Ag flake, 10% graphite, 4% acetylene
black, and 1% polyvinylalcohol (in Hp0), wet
pasted, pressed at 500 psi, and dried at 120°
Electrolyte: 0.63F 1iA1C1)-PC
Conditions: Discharged at 2.9 ma/cm? at room temperature
until steep decrease in potential

. Mix Weight (g mix/cm?)  0.025 0.05 0.1 0.15
_ Coul. Eff. 9% B2% 9% 19%

E. BEffect of Temperature on Cathodic Polarization of Electrodss-u‘
Electrode: 90% AgCl and 10% acetylene black
Electrolyte: 0.63F LiA1CY) ~-PC
Conditions: Steady-state measurements of polarization in
millivalts vs a Ag/AgCl reference. Values
include ohmic drop in separator and electrolyte.

\fa'_z
Temp. 1 3 6 10

-300C 350 - - -
-20¢C 120 230 360 -
19°¢ 80 180 270 300

65°¢C 50 120 150 180
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The cathodic discharge of silver chloride electrodes has been investi-
gated in a mumber of electrolytes. As can be seen in Teble IX the nature
of the solvent and solute has a pronounced influence on the discharge

characteristics. One observation is that AgCl electrodes can not be dis-

charged in electrolytes which contain ICPF6. A possible explanation of this
rhenomenon may be that potassium chloride, KCl, which is highly insoluble
in most organic electrolytes, forms an insulating film on the surface of
the electrode or perhaps precipitates in the pores of the electrode and
inhibits the cathodic reduction. .

Another factor which influences the discharge characteristics of AgCl
electrodes is the current density. Table IX-B illustrates the decrease of
coulambic efficiency from 100% to 28% as the cathodic current density
inereases from 0.7 to 5.0 m.a./cm2 for a AgCl-acetylene black electrode.

The method used to prepare AgCl electrodes has an effect on their
behavior. The preparative methods investigated have included pasting,
pressing, and sintering mixtures of AgCl with additives such as silver
oxide, silver flakes, graphite, and acetylene black onto platinmum or silver
grids. The highest discharge efficiencies were obtained with electrodes
containing 90% AgCl and 10% acetylene black; pasted or pressedlglectrodes
performed better than electrodes which were sintered at 400°C.

. The amount of material used or mix weight (expressed in grams m:i.x/c:m2
of electrode) has an inverse effect on the efficiency of cathodic utilization..
Table IX-D shows that as the mix weight increases fram 0.025 to 0.15 g/t':m"2
the efficiency drops from 97% to 19% for a AgCl, Ag flake, graphite electrode.
The effect of temperature, as illustrated in Table IX-E, is that as the
temperature increases the electrode polarization at any given current density
decreases. : ’

The cycling behavior of Ag-AgCl electrodes which contained solid LiCl
as part of the electrode mix has been investigated. The LiCl was incorporat-
ed into these electrodes to provide a source of chloride ion for the charging
cycle of the battery. This concept offers the advantages that electrolytes
containing chloride ion are not required, and mass transport problems are
reduced. To test this concept a mixture of 29 mg of silver powder and
1.4 mg of LiCl (stoichiometric ratio) was pressed at 1500 pounds pressure
into g recessed platimm electrode, and cycled to 25% depth at 8.5 and 4.2
ma/cmg inhO.SF LiC10),-PC electrolyte. Cycling efficiencies of 93-100% were
achieved.*l

Other Metal Halide Electrodes

The electrochemical behavior of several other transition metal halides
has been investigated. The materials studied have included cobalt fluoride
(CoF,), chromium fluoride (CrF.), nickel fluoride (NiF,), nickel chloride
(Ni S, silver fluoride (AgF); silver difluoride (AgF,), mangenese
fluoride (MnF,) and antimony fluoride (SbF;). In general, the cathodic
reduction of %hese compounds is characteriZed by higher polarization and
lower coulombic efficiency than is found with silver and copper halides.
So far, the cathode-electrolyte systems utilizing these metal halides have

26




not shown much pramise under test conditions. The results of the tests
which have besn performed are as follow.

Cobalt Fluoride - CoFé clectrodes have;bg L prepared by pasting,zl
hot pressing,*’ dry pressing,2 and filter cake®?=' techniques. Cathode
mixtures of 70w95% CoF3 and 5-30% conductive and binding addit%xeﬁ have been
utilized. These electrodes were discharged in 1.0F Lic:LolKégc, %9 1.0F
NaPFg-PC,%L 2.UF LiC10)-MF®, and 1.0F (Cgs) (CH3)NPFg-ANC at current
densities of 0.0k - 2.0 ma/cma. The highest coulombic ngicieneies, which
were sbout 30%, were gbtained in LiCiCy,-PC electrolyte.>” 9 At low current
densities (0.05 ma/cm?) two voltage plateaus were cbserved; one at 3.1-3.25 V
and one at 2.3-2.6 V vs a lithium electrode. At the higher current densities
the voltage decreased steadily from 2.3 V %0 0 V; and no voltage plateaus

were found. Ferromagnetic measurernents on the discharged electrodes indicated
that metallic cobalt was present.

Chromium Fluoride - Electrodes containing 85% CxF,, 10% graphite,
and 5% polyethylene powder have been prepared by the hot pressing technique.
When discharged at 1.8 ma/cm? in 1,CF LiClOy~-PC the potential of these
electrodes decressed steadily from 1,3 V to O V vs a lithium refereﬁce
electrode. The coulombic efficiency under these conditions was 8%.%49

Nickel Fluoride and Nickel Chloride6’3o’36’37 - NiF, and NiCl,
electrodes have been prepared firam mixtures containing graphite, and asbestos
fibers pressed onto metal screens; and also by incorporating the NiF, and
NiCly into sintered nickel matrices. Both types of electrodes exhibited
severe polarization and coulambic efficiencies of less then 30% when dis-
charged in 1.0F LiCl0;,-PC or 2.4F LiCth~MF electrolytes. Attempts to
improve performance by doping the NiCl, electrodes with sulfur and MgCl, and
the NiFp electrodes with MgF, have yielded inconclusive results.37

Electrodes containing AgF and AgF2,5’6’10’29’M’56 MuF.,° SbF,,3° and
CdF257 have been examined in half-cell studies. However, tge resuits of
these studies are still preliminary and shall not be sumarized in this
report.

Metal Oxide Electrodes

Of the several metal oxides which have been investigated to date only
silver oxide can be electrochemically reduced in organic electrolytes.5’9’29’
30,50 Othﬁﬁ oxides which have been sﬁgdied include manganese gigx§8eh£Mn02),
2,6,28,29,4 chromium oxide (Cr04),% ™ vanadium oxide (V,05),<2223%
stannic oxide (Snoz),2 cupric oxide (Cgo),2 iron oxide (Fe 8u5»3° nickel
oxide (Ni0),30 and lead oxide (1?1:;02).2 These compounds were found to be
either electrochemically inert, or reduced with such low efficiency and high

polarization that they eppeared to be useless.

Silver Oxide - Electrodes prepared by pressing a mixture of 3.0 g
AgO, 1.5 g graphite, and 0.5 g asbestos fiber onto silver screen have been
discharged in 2.4F LiCl0)-MF at -15° and 1.5F LiCl0),-PC at 25°. At current
densities of 0.5 to 0.7 ma/cm? the voltage of these electrodes ranged from
3.66.V to_the cut-off of 1.9 V; coulombic efficiencies of up to 40% were
obtained.®
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-Air Electrodes

The cathodic reduction of oxygen in organic electrolyfes has been
- studied3® to determine the feasibility of a lithium-moist air battery with
the proposed cell reaction,

2L1 + $0p + Hy0-—2Li0H,

Pure oxygen has been reduced at a platinum electrode immersed in 1.0F
LiCl0y-N-nitrosodimethylamine and in 1.0F (CgH5)(CH3 )3NPFg-N-nitrosodimethy-
lamine. From voltammetric sweep data it was concluded that the reduction
occurs in two steps; the first step at -0.6 V and the second at =1.75 V vs a
Ag/AgCl reference electrode. The peak currents from the voltammetric sweep
data were found to increase as the time of hold at open circuit potential
was increased indicating that the reduction was limited by the rate of
diffusion or adsorption of oxygen at the electrode.

- Under galvanostatic conditions (1 ma/cm®) the polarization of the
oxygen electrode was found to increase with time. This observation has been
interpreted as indicating a buildup of insoluble reaction products at the
electrode.

Organic Cathode Materials

, Several organic halogen and nitro campounds- have been tested as possible
cathode materials for primary, organic electrolyte batteries. Included in
these tested have been hexachlorcmelamine, trichloroisocyasnuric acid and
its derivatives, N-chlorosuccinimide, aromatic nitro- and nitroso-compounds,
and dichlorobenzoquinonediimine. Many of these campounds offer higher
theoretical energy densities than, for example, the metal halides, provided
that complete reduction of the organic compounds can be achieved.

Electrochemical studies of these compounds have revealed that some of
them are reduced in organic electrolytes at potentials of greater than +3 V
vs & lithium anode at current densities on the order of 10 ma/cm, These
compounds are, therefore, electrochemically as reactive as the copper halides.
However, the coulombic efficiencies achieved with the organic cathodes have
been elther not reported or they have been based on a hypothetical reaction.
This has been done because neither the reaction mechanisms nor the reaction
products of the cathodic reduction of organic compounds in aprotic electro-
lytes have been identified experimentally., This general lack of basic data
makes it impossible to estimate the chances of success of organic cathode
materials in organic electrolyte primary batteries.

Tri-chloroisocyanuric acid and its derivatives: The cgtglgdég
4 2

reduction of the following compounds has been investigated:

? 1 i
an”"war ‘ Tl/ C\Tq rﬁ’ _ \ITCI
o//o::\N P HOCEN £ - Loc  ~%%
a cl ci
‘Trichloroiso=- Dichloroiso- Lithiuwm (or potassium)
cyanurie acid cyamuric acid di-chloroisocyanurate
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The highest voltages (vs lithium) end coulombic efficiencies were obtained
for di-chlorcisccyanuric acid {see Table X-A). The dets indicated that
for none of these compounds was more then one chlorine functionsl group
readily availsble for reaction at potentials greater than +2 V vs lithium
anode.,

Hexachloromelamine and derivatives: The cowmpounds in this catagory
which have been studied inciucde

A /N§
CINC™ “SONCly cmNcl.‘l "CNHCI
3 ] N /$
~ c/ N N7
Ncl, NHCl
Hexschloromelamine Trichloromelamine

The electrochemical behavior of solutions of these compounds has been
investigated by potentiostatic, steady-state techniques. The results of
some of these studies ere outlined in Table X-B. At 1.0 V cathodic polar-
ization hexachloromelamine is reduced at a carbon electrode with current
densities of up to 80 ma/cmea This indicates that its electrochemical
activity is higher than that of trichloromelamine or trichlroisocyanuric
acid.

N-chlorosuccinimide; m~Dinitrobenzene; 2,4-Dinitrophenol; Picric Acid;
Lh-Nitrosophenol; p-Quinonedixime: These compounds have been studied using
the technique of linear potertial sweeps. Pesk voltages and currents for
the cathodic reduction of these compounds, dissolved in electrolyte
solutions, are shown in Table X-C. k-nitroscphenol and p-quinonedioxime
were not reduced in the voltage range studied,29 while 2,4-dinitrophenol
exhibited a reduction peak w%ich was unaffected by increases in the con-
centration of the material.3 The peak currents for the reduction of N-
dichlorosuccinimide were found to increase with increasing concentration.3o
m=Dinitrobenzene and picric acid have been discharged as pasted electrodes
which contained equal weights of active material and carbon.. The results of
these discharges, shown in Table X~-D, reveal that both of these compounds
are discharged with high coulombic efficiencies, and that m-dinitrobenzene
exhibited two voltage plateaus (at +2.7 V and +1.2 V vs lithium), while
picric acid exhibited only a gradual voltage decrease from about 3 V to
zero volts.

Pichlordbenzoquinonediimine: When this compound was reduced at 15.5
ma/cn? in LiC%ﬁh-MF and LiCl0)-IMF a single voltage plateau at 1.8-2.2 V
was observed.
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TABLE X

ELECTROCHEMICAL BEHAVIOR OF ORGANIC CATHODE MATERIALS

A. Discharge of Trighloroisocyanuric Acid and its Derivatives in
1.0F LiClOy-
Electrodes: 0.65g active material, 0.35g carbon, 0.05g carbon
fiber )
Counter Electrode: lithium
Conditions: 15 ma/cm® to 2.0 V cut-off

Compound Cell Voltage Coul. Eff.
Dichloroisocyanuric acid 3.4=2.0 Lot
Li-dichloroisocyanurate 3.0-2.0 37%

Trichloroisocyanuric acid 3.0-2.0 31%

B, Steady-State Current for Cathodic Reduction of Compounds
Dissolved in 1.OF LiPF -IMF30
Working Electrode: Speeé' HP-10 carbon, 1 cm?
Counter Electrode: 1 cm™ lithium
Reference Electrode: Ag/AgCl
Conditions: Potentiostatic; 1.0 V cathodic polarization

Compound Current (ma/cn?)
0.1F Trichloroisocyanuric acid 10
.w 1" 1" lo
1.0F Trichloromelamine 10
0.1F Hexachloromelamine 4o
1

1.0F 80

C. Linearly Varying Potential Scans of Organic Compounds29
Electrodes: Working and gounter electrodes are Speer HP-10
carbon; 1
Reference Electrode: Ag/AgCl
Conditions: Organic compounds dissolved in electrolyte; O0.1F
: concentration; 50 mv/sec scan rate

Peak Voltage and Current

Campound 1.0F LiPFgs-IMF 1.0F LiPF¢<-NDA
N-Chlorosuccinimide 40,5V T ma +0,1V; 9 ma
m-Dinitrobenzene ~0.5V; T ma -0.4V; 6 ma
2,4-Dinitrophenol -0.3V; 7 ma
Picric Acid +0.,1V; 6 ma
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TABLE X (CONTD)

0]
D. Discharge of m-Dinitrchenzene and Picric Ac:l.d5
Cathodes: 0.25g orgenic material, 0.25g carbon, wet pasted onto
15.2 om? expanded copper .
Anodes: Two lithium electrodes, 15.2 e
Separator: Two layers of 15 mil glass fiber fllter paper
Conditions: Galvanostatic; 2 ma/ at room temperature

Plateau Voltage

Compound. Electrolyte Coul. Eff. (vs Li)

n-Dinitrobenzene 1.0F LiCl0),-FC 20% 2.4 - 2,0

m-Dinitrobenzene 2.0F LiCl0)-IMC 944 2.7; 1.2

Picric acid 2.0F LiC10),-IMC T0% 3.0 - 0
SEPARATORS

Separators for use in organic electrolyte batteries should have the
following properties:

1. Compatibility with organic electrolytes and highly reactive
electrode materials.

2. Sufficient mechanical strength to prevent short circuiting of
the cell during discharge and prolonged activated storage.

3. Low ohmic resistance to reduce IR loss during discharge.

L, High permesbility for ions participating in the electrochemical
reaction to minimize concentration polarization.

5. Low permeability for dissolved electrode materials to assure
long shelf life on activated stand.

The materials which have so far shown the best overall performance
include non-woven porous materials such as asbestos filter paper, glass
fiber filter paper, polyolefin mats, and microporous rubber. However, no
materials have as yet been found which will prevent or reduce the diffusion
of dissolved cathode materials from the catholyte to the anode.

Methods of Experimental Evaluation of Separators

Compatibility Tests: The separator materials were immersed in various
electrolytes for extended periods of time. The separator-electrolyte
compatibility was then Judged by visual observation of the samples.

Separstor Swelling: The amount of swelling which the separator
materia.ls underwent when exposed to electrolyte was measured by comparing
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the thickness of the material before and after it had been immersed in theh
electrolyte for a period of time sufficient for equilibrium to be reached. 2

, Electrolyte Absorption: A sample of separator material was weighed
before and after equilibration with the electrol‘ytgi , The percentage '
absorption was then calculated using the equation,= s%I

_ et wb. - Ary whe o |
Absorption (%) = ary . x100

Electrolyte Retention: A weighed sample of separator material was
equilibrated with electrolyb& and then either drained for 30 mimu is on a
glass plate inclined at 459, 9 or centrifuged for 2 minutes &t QSgE before
reweighing. The percentage of electrolyte retention was then calculated
from

drained wt., -~ dry wt.
wet wt, -~ dry wt.

Retention (%) = x 100,

or

centrifuged wt. - dry wt:.x 100 .

Retention (%) = = dry wt.

Separator Resistance:h9 Resistance measurements were made using
an AC impedance bridge and a cell equipped with platinized platinum
electrodes. The resistance of the separator was calculated using the
relation, Rg = - R,, where R; is the separator resistance, Ry is the
resistance of the cell with the separator interposed midway between the
platinized electrodes, and R, is the resistance of the cell with only the
electrolyte present. The specific resistance of the separator, p , was
defined by the equation ‘

Rg x A
p=_E
L

where A is the area (cm®) and L (cm) the thickness of the separator.

Separator Cell Tests:h9 The cell utilized in testing the separator
materials consisted of one cathode flanked by two lithium anodes with
separators being interposed between the cathode and each anode. The cathode, :
which had a theoretical capacity of 0.8 AH, was prepared by hot pressing a
mixture of 85% CuF., 10% carbon, and 5% binder onto a metal grid. The
anodes had a theorétical capacity of 1.0 AH each. 1.0F LiClO;-PC was employ-
ed as the electrolyte. The AC impedance of each cell was measured before
the discharge was started. The discharge was carried out at a constant
current density of 2.0 ma,/cxn2 until a potential of O V was reached. The
coulombic efficiencies were calculated, and a post mortem inspection of the
cell components .conducted.
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Cell Storage Tests: Test cells were stored after activation for
various lengths of time under controlled conditions. They were theg %i&—
charged to determine their coulombic efficiency and energy density,”’7’ 9
. or opened, without being discharged, and the amount of copper which had
precipitated at the anode and in the separator analytically deterudned.53

Results of Separator Evaluation

The results of the evaluation of a number of separator materials are
collected in Taeble XI. These results reveal that the best performance is
obtained with non-woven fibrous materials such as asbestos and glass-fiber
filter paper, which exhibit low resistances and high electrolyte absorbence
and retention. Materials which have high resistance and low electrolyte
absorbence and retention such as Lexan Film and cadmium sulfide ion
exchanger gave the lowest coulombic efficiencies in the cell tests. It was
noted that the loss of efficiency was not caused by short-circuiting due to
dendrite formation, but instead appeared to be caused by excessive polar-
ization due to the low permeability of the separator material.

Separators made from asbestos, polypropylene fiber, and glass-fiber
have been shown to be compatible with PC electrolytes and lithium and
copper halide electrodes. However, they have proved to be ineffective in
reducing self-discharge in these cells. Also, their high electrolyte
absorption is undesirable since the extra electrolyte required adds to the
dead weight of the cell.

Storage tests have been carried out with lithium-copper fluoride cells.
These cells were discharged through a constant 200-ohm load after various
periods of storage at roam temperature. The results of these storage tests
are summarized in Table XII.

TABLE XII

EFFECT OF STORAGE TIME ON Li/CuFp crrze®

Electrodes: Two lithium electrodes (5.5-6.0 amp~hr capacity);’

one CuF.., electrode; (k.0 amp-hr capacity)
Electrolyte: 1.4F LiCl0)-PC
Separator: 1.l mm. microporous rubber
Conditions: Discharged across 200 ohm load until potential
of 0 V reached

_Time of Storage Length of Discharge
0 weeks 150 - 225 hours
1 week 90'- 105 hours
2 weeks 20 - 50 hours
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The activated storage capability of cells similar to the ones mentioned
above has been investigated at two different temperatures. The capacity
of cells stored at -15°C.did not noticeably change over a period of six
weeks. Cells stored &% 35CC had completely lost their charge after only two
weeks,

The rate of self discharge ¢f lithium-copper chloride cells has also
been determined.”’3 Cells consisting of one lithium anode and two copper
chloride cathodes, separated by two leyers of Pellon 2517 or Pellon 405B,
were utilized. The electrolyte was 0.3F LiCl, 3.0F AlCl,-PC, 55% WM. After
two weeks activated storage at roam temperature,these ceils were disassembled,
and the copper deposited on the anode and in the separator analytically
determined. The rate of self-discharge for these cells was calculated as
being 5-7 x 10-3 mg Cu/cme-day.

COMPLETE ORCGANIC ELECTROLYTE BATTERIES

Several. of the components which exhibited acceptable performance in
the individual tests described in the preceding chapter of this report have
been incorporated into complete, experimental batteries. These batteries
have been tested under various conditions of discharge and cycling to
determine their voltages of operation, capacities, energy densities, cycle
lives, and shelf lives. The results of these tests along with the details
of construction and test procedures will be discussed below.

Before the test results are described it should be pointed out that no
attempts have yet been made to optimize the design of battery packages for
organic electrolyte systems. In the case of the cells described below the
packages have been designed for ease of fabrication using simple laboratory
procedures, and do not represent the design optimum, which may be achieved
in the future.

It was found in preparing this summary of the test results that the
methods of reporting test data are as numerous as are the people making the
réports. This inconsistency in reporting mekes it difficult in some cases
to compare the work of the various investigators. Therefore, the last part
of this chapter has been devoted to a discussion of a method of data analysis
which may help to alleviate this problem. The utility of this method of
analysis will be demonstrated by applying it to some of the data summarized
below.

Flat Plate Primary Batteries

Battery System: Li/LiC10) -MF /CuF,
Source: Livingston Electronics Corporation.6’7
Construction: Anodes: Two lithium anodes of 5.18 amp-hr

capacity with 30 er® electrode area, made by
pressing lithium metal onto expanded silver
mesh.

Cathodes: One CuF, cathode of 3.85 amp-hr
capacity and 30 cmg electrode area, made by
pressing mixture of 82.6% CuF,, 11.6% graphite,
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Performance:

Battery System:

Source:

Construction:

Performance:

and 5.8% paper pulp onto expanded silver
mesh.

Separator: 0.03-inch-thick microporous rubber.
Electrolyte: 6.0 ml of L.68F LiC10y,~methyl-

formate.
Casing: Polyethylene envelope; total cell
weight 21 grams.

'This battery yielded 124 whr/1b when dis-

charged to 2.0 V cut-off across constant load
of 100Q (70 hr. rate) at -15°C. Average
voltage was 2.72 V; at the 30-hour rate under
these conditions the energy density was 94
whr/1b; at 35°C 83 whr/lb at the 20-hr. rate;
shelf life is poor and is probably limited
by attack of electrolyte on lithium anode.

Li/L1C10,~PC/CuF, |
Livingston Electronics Co;'poz"ationG’ 759

Anode: Two Li anodes of 5.10 amp~-hr capacity
and 30 o electrode ares. .
Cathode: 82.6% CuF,, 11.6% graphite, ang.mg.B%
paper pulp; 4.97 amp-hr capacity and 30 _
area.,

Separator: 0.03 inch microporous rubber.

Electrolyte: 7.0 ml of 1.4F LiCl0), - propylene
carbonate.

Casing: Polyethylene envelope; total cell
weight 25 grams.

Component Weight (in grams and % of total
battery weight):

cathode, CuFo 9.k (37.6%)
| graphite 1.3 ( 5.29)
paper pulp 0.7 ( 2.8%)

Ag mesh 0.3 ( 1.2%)

anodes, 1ithium 1.3 ( 5.2%)
Ag mesh 0.6 ( 2.4%)
electrolyte 9.3 (37.2%)
separators 1.3 ( 5.2%)
PE envelope 0.8 ( 3.2%)
total 25.0 (100%)

When discharged across 200Q load (265 hr. rate)
at 35°C this cell yielded 223 whr/lb with an
average voltage of 3.05 V (3.3 Vto2.0V
cut-off); when stored at 35°C cells underwent
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Battery System:

Source:

Construction:

Performance:

camplete self-discharge within a few days, but
were stable for six weeks at -15°C; dissolution
of CuF, caused self-discharge.

L1/L4C10), ~PC/CuF,,

The Electric Storage Battery Companyh9

Ancde: Five lithium anodes made by pressing
Li ribbon onto copper screen; 120 total
area,

Cathode: 85% CuF,, 10% graphite, and 5%
polyethylene powder pressed onto copper screen;
four cathodes used in each cell had total
capecity of 7 amp~hr.

Separator: 0.015 inch glass fiber filter paper.

Electrolyte: 15 ml of 1.CF LiCth-propylene
carbonate.

Casing: Vacuum formed polyethylene

Component weights (in grams and % of total
battery weight:

cathode, mixture 15.45 (33.7%)

copper screen 2.43 ( 5.3%)
anodes, Li metal 2.23 ( 4.6%)

copper screen 1.27 ( 2.8%)
separators 1.41 ( 3.1%)
electrolyte 18.00 (39-5%;
PE casing 5.04 (11.0%
total 45.63 (100%)

Discharged at constant current and room
temperature from about 3.3 V open circuit to
0 V. Obtained voltage plateau at approxi-
mately 3 V with energy densities and coulombic
efficiencies as follow:

current 0.5 1.0 2.0 3.0
densitz .
(ma/cm™)

energy¥* 52 17 120 9
density

(whr/1b)

" coulombic 27 | 60 57 53

efficiency

(%)

*Energy densities based on final voltage- of O V.
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Battery System:
~ Source:

Construction:

Performance:

Battery System:
Source:

" Construction:

The low energy density at 0.5 ma/cn® discharge

- has been attributed to self-discharge. Higher

and lower temperatures also caused decreased
performance when batteries were discharged at
2 ma/cu. At 0°C these batteries yielded 27
whr/1b and 19% efficiency while at 40°C they
yielded 105 whr/lb and 56% efficiency. Lower
performance at O°C explained by concentration

. polarization, and at 40°C by increased rate of

self-discharge.

Li/LiAlCLy, A1Cl3-FC, M/Cu012

Electrochimica Corporation5 2,33

Anode: Ii metal pressed onto metal grid.

Cathode: 85.0% CuCly, 7.5% silver powder, and
7.5% carbon black pressed onto copper grid;
0.38 mm thick with capacity of 0.8 to 1.0

amp-hr.

Separator: Two layers of polypropylene mat.
Electrolyte: 3.0F AlCly, O.3F LiCl - propylene
carbonate containing 55% nitromethane.

Open circuit voltage 3.1 V. When discharged
at room temperature the following results were
obtained:

discharge rate (min) 60 30 15
current (ma) 700 | 2000 | 40OO
current dens (ma/cm®) 7.2|  19.4| 38.8
voltage range 2.3-1.6/2.2-1.9}|2.0-1.5
energy dens (whr/Ib) 27 29 25
current eff. (%) 82 100 8k.5

Rate capability was outstanding. Self-dis-
charge due to Cu012 dissolution is main problem
with this battery.

Li/proprietary electrolyte/ CuCl,
Electrochimica Cor;pora.i:ionsllL

Anode: Ii metal pressed onto metal grid.
Cathode: CuCl, mixture with capacity of 0.8
t0 1.0 amp-hr. '
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Separstor and Electrolyte: Not reported.

Cesing: A standard metal casing used. by this
campeny on other types of commercial batteries.

Performance: This battery system is claimed to operate
satisfactorily over a wide range of temperatures.
When discharged at 100 ma (10-hr rate) the
following results were obtained:

Tempersture, ~C - 1Y) 27 T1
Plateau voltage 1.4~0.8 2.0l 2.5 2.5
Coul. Eff. 2h%  |T7-95% |100% |70-80%
Energy dens (whr/ib) 5 28 138 1| 28

At 71°C self-discharge becomes appreciable in
this system. Outstanding performance at low
temperatures down to -40°C.

Battery System: Li/11CLOy -MF /ACL~TO*
Source: Monsanto Research Corporza.‘l:.ion65
Construction: Anode: Li metal pressed onto one side of

polypropylene separator tape.

Cathode: Mixture of 81% dichlorotriazinetrione
(ACL-T0), 13% Shawinigan acetylene black, and
6% carbon fiber pressed omnto separator.

Separator: 0.003-inch polypropylene tape.
Electrolyte: 1.9 ml of 1.0F LiClOy - methyl
formate.
Casing: This system has been investigated
for possible use in tape batteries currently
under study at Monsanto; in these experiments
the active electrode materials were supported
on either side of a polypropylene tape in the
normal tape battery configuration; however,
for test purposes the tapes were pressed at
k 1p/ ir® between metal current collectors and
- discharged under static conditions.

Component weights (in grems and % of total
component weight):

anode, Li metal 0.30 ( T7.5%)
cathode, ACL-TO 1.30 (32.7%)
carbon black 0.20 ( 5.0%)

carbon. fiber 0.10 ( 2.5%)

' separator 0.05 ( 1.3%)
electrolyte 2.02 (51.0%)
total 3.97 (100%)

*ACL-TO - Monsanto's Tradename for Dichlorotriazinetrione
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Performance:

When discharged at 7.8 ma/cm® (158 min.) these

- tapes had a voltage range of 3.7 to 2.0 V with

an average voltage of 3.18 V. They delivered
14k whr/Ib (to 2.0 V cut-off) with a coulombic
efficiency of 58% (assuming both chlorine atoms
in ACL-T0 are active). The tests were per-
formed at room temperature.

Flat Plate Secondary Batteries

Battery System:
Source:

Construction:

Performance:

Battery System:
Source:

Construction:

Li/LiAlClh-PC/AgCl
Lockheed Missiles and Space Ccnnpanyle’lu

Anode: Li metal anodes prepared by pressing
Li onto silver screen; 10 anodes/bettery.

Cathode: Mixture of T5% AgCl, 15% Agy0, and
l@ graphite pressed onto silver screen;

9 cathodes/battery with 5 amp-hr capacity and
300 cie area. ‘

Separator: Glass-fiber mat.

Electrolyte: 0.6F LiAlCLy, in propylene car-
bonate., '

Casing: Sealed aluminum cans; total cell
weight 275 grams.

For single discharge at 1.4t ma/cm® from open
circuit potential of 2.85 V to 1.90 V obtained
28 whr/1b with 80% cathode utilization. Cells
had average voltage of 2.5 V and a cycle life
of 30-50 cycles when cycled at a current
density of 1 ma/cm® and depths of discharge
varying between 9% and 78%. With 100% depth
of discharge cells failed after T cycles.
Lifetime limited by poorly adherent ILi formed
during charge. Appears to be promising system
for low rate, ilong life operation.

Li/KPF¢-PC/NiX,
Gulton Industries37’39

Anode: Mixture of 90% Li powder and 10%
graphite. '

Cethode: 50% NiX, and 50% graphite; composition
of NiX, unknown, but preparation was by treat-
ing NiF, with thionyl chloride, and thus
partially converting the fluoride to the
chloride,
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Performance:

Battery System:
Source:

Construction:

Performance:

Electrolyte: KPFg dissolved in either propy-
lens carbonate or dimethylsulfoxide.

The following results were obtained for
single discharges:

current density (ma/cm=) 2 100
voltage range (V) 3.0-1.0} 1.6-0.6|
coulambic efficiency (%) 66 33
energy density (whr/1b) 60 6

This system has been cycled 20 times at

2 ma/em@ for both charge and discharge with a
10% depth of discharge. It delivered an
average voltage of 2.0 V under these
conditions.

Li/KPF¢-BL/AgF,
Whittaker Corporza.i:.ion5 6,57

Anode: Li metsl pressed onto silver grid;
two anodes/battery.

Cathode: Mixture of AgF,, carbon, and
polyethylene binder pressed onto silver grid;
one/battery.

Separator: Non-woven nylon.

Electrolyte: - Saturated solution of KPF6 in
butyrolactone.

Casing: Heat-sealed polyethylene bag.

Open circuit potentialm%.'? V; voltage plateau
on discharge at 1 ma/em® was 3.0 V-3.4 V% When
charged and discharged at this current density
to a low voltage cut-off of 1.0 V; a depth of
discharge of 90% was obtained. During first
10 cycles of operation, the charge-~discharge
efficiency was 99%, but this dropped to TO%
after 40 cycles. Lead breakage was chief
failure which limited cycle life in this
battery.

Analysis of Results With the Figure of Merit Expression

As can be seen from the foregoing presentation of the performance data
for a variety of cell tests, there is a lack of consistency in the methods
chosen for reporting the resulis. This lack of consistency makes it
difficult in some cases to adequately compare the work of different
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investigators, and may even lead to a misinterpretation of the results. It
is therefore suggested that a standard method of reporting the results of
discharge tests, based on the figure of merit expression, described below,
be adopted.t

The figure of merit expression takes into account the three main
factors which determine the energy density of a given battery under a given
set of conditions. These factors are the thermodynamic properties of the
electrode couple, the electrochemical behavior of the cell, and the design
of the battery package. -

The equation which defines the figure of merit M,, is

My = Qi

vwhere Q, = the calculated thermodynemic energy density of the electrode
couple. Ky = a proportionality factor which deseribes the electrochemical
- efficiency of the electrode reaction, taken as being equal to the product,
voltage efficiency (e,) times eculombic efficiency (ec). The voltage -
efficiency is the average voltage of the battery during discharge divided
by the standard potential of the electrode couple, and the coulambic
efficiency is the coulombs delivered by the battery divided by the
theoretical coulombic capacity of the electrodes. K» = a proportionality
factor which describes the design efficiency of the battery package, taken
as being equal to the weight of the active electrode material divided by _
the welight of the total battery packsge. This equation has been utilized
to analyse some of the data presented in this chapter (Teble XIII).

The agreement between the calculated energy densities shown in the
Table and the experimentally determined energy densities indicates that the
figure of merit expression gives a good representation of the results.
Further, by compering the individual values for the parameters, Q, €y €a»
Kl’ and le(%, it is possible to analyze the weakness of the various systems
and to determine in what fashion varying the conditions of discharge and the
battery design affects the ‘Abattezy performénce.

As an example of how this system of evaluaition might be used, the
following analysis of the data presented in Table XIITis given:

1. Comparison of the e, factors (coulombic efficiency) for Li/CuF,
cells under a variety of conditions reveals that at low discharge rates ’ :
when glass-fiber separators are used, the lack of coulombic efficiency is the
main cause of the low energy demsity; this may well be due to self-discharge.
By changing thé conditions of discharge, e.g., a slightly higher temperature
and a microporous rubber separator, this problem is considersbly reduced.

« 2. When LiCl0)-MF electrolyte and lower temperature, -15°C , are
used both the voltage e%ficie.ncy, e,, and the coulambic efficiency, €., are
reduced. :

3. The lithium-silver chloride secondary system suffers from a
low theoretical energy density, and; for the set of date illustrated here,
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from a low weight efficiency. If the "dead weight" in the cell could be
reduced to achieve a weight efficiency comparable to that obtained for the
lithium~-copper fluoride cells, the energy density might be increased by a
factor of 3-k.

The above discussion serves to illustrate the utility of this method
of analysis, and shows how easily different conditions and different systems
can be compared. However, this type of evaluation should be used primarily
as a method of summarizing the data, not as a substitute for a detailed
discussion where all of the known facts are brought to bear,

PROBLEM AREAS AND AREAS OF FUTURE WORK
Organic electrolyte cells have been constructed which delivered higher
energy densities than 200 wh/1b. However, these cells have exhibited
several shortcomings which have so far frustrated attempts to develop a
practicel organic electrolyte battery. These shortcomings are as follow:
- 1. Lack of rate capab_ility.
2. ILack of shelf life,
3. Leack of cycle life and cycling efficiency in secondary systems.

In order to overcome these limitations and to provide the additional data
required for battery design, the following efforts are felt to be necessary.

To Improve the Rate Capability

1. Unambiguous experiments are needed to identify the factors which
cause the rate limitation in organic electrolyte systems. The identification
of these factors would then serve as a basis for a systematic approach to .
mprove the rate capability. :

2. Attempts should be made to find electrolytes with high conductivi-
ties, high solute solubilities, and low viscosities in order that higher
rates of mass transfer can be achieved. Solvents with low dielectric
constants, which usually do not strongly solvate ionlc substances, should
not be left out of these investigations, since solvation mechanisms other
than ion-dipole interaction are known to exist.

3. Investigations must be conducted to find suitable separators which
have high permeability for the ions involved in the electrode reactions.
This work should include the measurement of diffusion coefficients, trans-
ference mmbers, and membrane potentials as well as the other factors which
affect the membrane performance such as electrolyte absorbence, menmbrane
swelling, and perm-selectivity.

-4, The bulldup of reaction products such as LiF and LiCl in the
cathode should be investigated to determine what effect it has on the rate
capability of the electrode. An adverse affect might be corrected by
choosingan electrolyte in which the reaction products are more soluble so
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that the pores of the cathode would remain open during discharge. To
effectively choosea new electrolyte system, however, would require an under-
stending of the ionic equilibria in organic electrolytes as well as a
knowledge of the transference mmbers of the soluble species. Another
approach to the problem might be to attempt to £ind electrolytes which would
provide for the formation of & porous precipitate of reaction products on the.
anode rather than the cathode.

5., Slightly soluble salts that cen supply ions for the electrochemical
reactions by means of & salt transformation cycle may be incorporated into
the cathode mix, thus minimizing mass transport problems and providing
higher rates in starved electrolyte configurations and in secondary systems.

6. The rate capebility may be improved by increasing the rate of mass
transport in the cathode. This might be accomplished by preparing electrodes
with well-defined porosity and structure designed to provide natural con-
vection during charge and discharge. Alternatively, the rate capability
might be improved by shortening the path of diffusion of the cathode material
to the reactive sites at the conductive additive. This may be accomplished
by the use of small particle size metal halide-carbon mixtures in the
electrode.

T. Another approach to overcame the rate limitation may be to meke
metal halides conductive by doping. Semiconductive or electronic conductive
cathode materials might be reduced directly, rather than via a mechanism
involving dissolved intermedistes. Doping techniques for these materials
must be developed, however, before this approach can be tested thoroughly.

8. Continuing searches for new cathode systems must be conducted.

Organic compounds, especially, may offer higher rates in primary systems,
and investigations of these compounds should be increased in both scope and
depth. :

To Improve the Shelf Life

1. Further research is necessary to determine the causes of self-
discharge. This requires an in-depth study of the lonic equilibria between
electrolyte and solid electrode materials and reaction products, the goal
being the identification of the soluble species and the determination of
the solubility products and stebility constants for the solution con-
stituents. These studies should also include the determination of the effect
on the rate of self discharge of temperature, electrolyte composition, and
open circuit storage. These studies of equilibria and the other parameters
which affect dissolution and precipitation may also shed some light on how
to solve the problem of dendrite formation.

2. The shelf life may be improved by the use of different solvents,
solvent mixtures, or solutes in the electrolytes. Another approach might
be to incorporate into the cathode mix a slightly soluble salt which would
shift the equilibria in the vicinity of the cathode toward the insoluble
cathode material. _




3. The effects of impurities on the rate of self-discharge need further
© study. Hammful impurities should be identified and removed from the electro-
lytes and other battery components by proper purification techniques.

Maximm permissible impurity levels should be determined in order that costly
purification procedures, which do not improve the shelf life, can be avoided.

- k4, Separators should be found which prevent the migration of dissolved
cathode materials to the anode, but which allow the transfer of the ions
which participate in the electrode reactions. Materials which might conform
to these specifications include plastic films, ion exchange membranes, or
heterogeneous materials which are porous enough to allow the passage of ions.
such as lithium ion, but which contain particulate matter which adsorb or
in some other fashion react with dissolved metal halide complexes so as to
prevent their migration to the anode. The field of separators for organic
electrolyte systems has been little explored, and there is great need for
basic, systematic studies in this area. Separators might also be found which
would minimize the problem of dendrite formation. This cculd be accomplished
with materials of sufficient mechanical strength to prevent dendrite for-
mation, or with materials which chemically react with the metsl so that
- dendrites which do form are prevented from growing large enough to short-
circuit the cell.

5. The problems associated with the formation of insuwlating films on
lithium anodes should be investigated since these films consume reactive
material, cause severe electrode polarization, and prevent complete reaction
during discharge. This may be approached by finding practical ways to
prevent the diffusion of moisture, oxygen, and nitrogen into the battery.
Another approach might be the use of suitable electrolytes or of anodes made
from lithium alloys. By the proper choice of these components it whould be
possible to prevent the reaction of the anode with impurities from the air,
and would alleviate the problem of trying to prevent the diffusion of these
impurities into the battery.

6. The search should contimie for new cathode materials which are
insoluble and have little tendency to form dendrites. Organic. compounds
with functional groups such as N-chloro, perhalide, quinone, or nitro-
might be considered for investigation, especially in terms of attempting to
control thelr solublility by polymerization, or polycondensation.

To Improve the Cycle Life and Cycling Efficiency

1. Little is known sbout the factors which limit the cycle life and
cycling efficiency of organic electrolyte, secondary systems. Therefore,
these factors must be identified and characterized before a systematic
effort to solve the problem can be launched. An approach tc eliminate the
side reactions which cause the lack of cycle life and cycling efficiency
might be to use other electroiytes or electrolytes of higher purity.

. 2. Practical answers to the problems of overcharge and of charging at
too high a rate must be found. These operations cause solvent decomposition
with the formation of sludges and insulating films on the electrodes.




3. Further work is necessary to improve the structure of electro-
deposited lithium. The aim ghould be to obtain compect, non-dendritic
deposits with good mechauical strengih, 80 as to prevent mechanical loss of
1ithium. To achieve this, the effect «f subzirate, electrolyte composition,
current density, temperature, and elecirode configuration and separation
must be investigated. .

k., Optimization of the cathods composition and structure mey improve -
cycling efficiency and cycle 1life. Also, the incorporation of slightly ‘
soluble salts which provide icus for reaction during charging or which
‘combine to form stable compounds with the products of the discharge may
prove fruitful. To extend this idea further, it should be pointed out that
this area of cathode additives and prutreatment has been little explored,
and might provide answers to several problems including cycle life, cycling
efficiency and shelf life.

Additional Data Required for Battery Design

1. Optimm electrode configuration and spacing, and optimum electrolyte
volume must be determined for each system which shows promise of heing
developed into a worksble battery.

2. In order to properly design a battery package, the physical
properties of the battery compeonents must be known. For the electrolyte
such properties as vapor pressure, freezing and boiling points, thermal
expansion coefficient and heat capacity must be determined, while for the
electrodes, heat capacities, hest conductivities, and electrode reaction
temperature coefficients should be measured. Tt should be further pointed
out that the inherently low conductivities of the organic electrolyte
systems may cause serious heating problems, especially at high discharge
rates, so that provision must be mede for heat dissipation.

, 3. The mechanical strength of the electrode structures must be
considered, and provision made for the loss of mechanical integrity during
charge and discharge.

L, Safety precautions must be defined. The high reactivity of
1ithium may create problems in the handling, storage and disposal of this
material, while the thermodynamic instability of the perchlorates, popular
ingredients of electrolytes, should be characterized to insure that this
meterial does not represent a potential hazard under the anhydrous con-
ditions needed for lithium containing batteries.

5., Suitable concepts for overcharge control, pressure control, venting
and battery activation must be developed.

L




REFERENCES

1. R. J. Jasinski, TYCO Laboratories, Inc., "An Analysis of All
Potentially Useful High-—Energy Battery Systems," Final Report, NOw@+—O653-f,
July 1965.

2. W. F. Meyers, et al, Livingston Electronic Corporation, "Develomment
of High-Energy Density Primary Batteries 200 Watt Hours per Pound of Total
Battery Weight," Final Report, NAS3-2775, NASA CR-54083.

3. Ibid., lst Quarterly Report, NAS3-600%, June-Sept. 1964,

4k, 1bid., 2nd Quarterly Report, NAS3-6004, Sept.-Dec. 196k,

5. Ibid., 3rd Quarterly Report, NAS3-6004, Dec 64-March 65.

6. Tbid., Final Report, NAS3-60Ck, June 6l-June 65.

T. S. G. Abens, T.S. Mahy, W.C. Merz, R. Corbett, Livingston Electronic
Corporation, "Develomment of High-Energy Density Prima.ry Batteries," 1lst
Quarterly Report, NAS3-7632, June-Oct 1965, NASA-CR-54859.

8. 1Ibid., 2nd Quarterly Report, NAS3-7632, Sept-Dec 1965, NASA-CR-5492Q.

" 9. Tbid., 3rd Quarterly Report, NAS3-7632, Dec 65-March 66, NASA-CR-~

10, H. F. Bauman, G. E. Chilton, W. J. Conner, G. M. Cook, Lockheed
Missiles & Space Com , "New Cathode-Anode Couples Using Non-aqueous
Electrolytes,” AF33(616)-7957, Apr 62, ASD-TDR-62-1.

11. TIbid., AF33(616)-7957, Dec 62, ASD-TDR-62-837.

12. TIbid., AF33{616)-T957, Oct 63, RTD-TDR-63-4083.

13. H. F. Bauman, Lockheed Mlssiles & Space Company, "Limited Cycle
Secondary Battery Using Lithium Ancde,"” Final Report, AF33(657)-11709,
May 64, APL-TDR-64-59.

%, J. E Chilton, Jr., W. J. Conner, G. M. Cook, R. W. Holsinger,
Lockheed Missilesz & Space Compavy, "Lithium-Silver-Chloride Secondary

Battery Investigation,” Final Repm, A¥33(615)-1195, Feb. 65, AFAPL~-TR=6l~
124,7.

15. H. F. Bauman, et al, Lockheod Missiles & Space Compeny, "Lithium
Ancde Iimited Cycle Battery Investigation,” 1st Quarterly Report,.
AF33(615)-2U455, May 65.

'16. Tbid., 2nd Quarterly Repert, AF33(615)-2455, Aug. 65.

17. Ibid., 3rd Quarterly Report, A¥33(615)-2455, Nov. 65.

18. Tbid., kth Quarterly Report, AF33(615)-2455, Feb.' 66.

L8




19. Ibid., 5th Quarterly Revort, AF33(615)-2455, May 66.

20, Ibid., 6th Quarterly Report, AF33(615)-2L55, Aug 66.

21. Ibid., Annual Report, AF33(615)-2L455, AFAPL~TR-66-35.

22, H. F. Beuman, Lockheed Misciles & Space Company, "Development of
the Copper Fluoride-Lithium Couple for Limited-Cycle Secondary Batteries P
Proceed. 18th Annual Power Sources Conf., 196k,

23, Ibid., Proceed. 20th Annual Power Sources Conf., 1966.

24, W. E. Ellictt, et al, Globte-Union, Inc., "The Develomment of High-
Energy Density Primary Batteries, 200 Watt Hours per Pound of Total Battery
Weight Minimum," Final Repori, NAS3-2790, Aug 63-July 64, NASA CR-54153.

25. W. E. Elliott, et al, Globe-Union, Inc., "A Program to Develop &
High-Fnergy Density Primsry Battery with a Minimmum of 200 Watt Hours per
Pound of Total Battery Weight," 1lst Quarterly Report, NAS3-6015, July-Sep 6l.

26. Ibid., 2nd Querterly Report, NAS3-6015, Oct-Dec 6l.

27. Ibid., 3rd Quarterly Report, MAS3-6015, Jan-Mar 65.

28. Ibid., 4th Quarterly Report, NAS3-6015, Apr-Jun 65.

29. Ibid., 5th Quarterly Report, NAS3-6015, Jul-Sept 65.

30. Ibid., 6th Quarterly Report, NAS3-6015, Oct-Dec 65.

31. Ibid., Tth Quarterly Report, NAS3-6015, Jan-Mar 66.

32. Ibid., 8th Quarterly Report, NAS3-6015, Apr-Jun 66.

~ 33. W. E. Elliott, J. R. Huff, R. W. Adler, S. L. Hsu, W. I. Towle,
Globe-Union, Inc., "Electrolytes," Proceed. 18th Ann. Power Sources Conf.,
196k,

34. Ibid., "Active Metal Anode-Electrolyte Systems,” Proceed. 20th
Ann. Power Sources Conf., 1966. ‘

35, J. E. A, Toni, G. D, McDonald, W. E. Elliott, Globe-Union, Inc.,
"Lithium-Moist Air Battery," 1 Semi-Annual Report, DA-h4-009-AMC-1552(T),
Oct. 66.

. 36. A. E. Lyall, H. N, Seiger, Gulton Industries, Inc., "Lithium-Nickel
Halide Secondary Battery Investigation,” Final Report, AF33(615)-1266,
Jan 65, AFAPI-TR-65-11.
37. Ibid., Final Report, AF33(615)-1266, March 66, AFAPL-TR-65-128,
38. A. E. Lyall, et al, Gulton Industries, Inc., "Lithium-Nickel
Fluoride Secondary Battery Investigation," lst Quarterly Report, AF33(615)-
3""88’ Aug. 660 o

k9



39. A. E. Lyell, H. N, Seiger, Private Commnication.

40. K. R. Hill, R. G. Selim, M. L. B. Rao, P. R. Mallory & Company, Inc.,
YR&D of & High Capecity Non-Aqueous Secondary Battery," Final Report, NAS3-
2780, Aug 65, NASA CR-54880. ‘

41. Tbid., Final Report, NAS3-601T, Oct-Dec 6k, NASA CR-54969.

k2. M. L. B. Reo, K. R, Hill, P. R. Mallory & Company, Inc., "Evaluation
of Rechargesble Lithium-Copper Chloride Organic Electrolyte Battery System, "
Tech. Report No.l, DA-lh-009-AMC-1537(T), Sept 6€6. ,

43. R. @. Selim, P. R. Mallory & Company, Inc., "Electrode Behavior
in Organic Solvent-Lewis Acid Electrolyte," Proceed. 18th Annual Power
Sources Conf., p. 86.

Ly, J. Farrar, R. Keller, M. M. Nicholson, C. J. Mazac, S. R. Webb,
Rocketdyne, A Division of North American Aviation, Inc., "High-Energy Battery
System Study," Final Report, DA 36-039 AMC-0320L(E), Jul 63-June 65,
R"51+05'"80 sy .

45, J. Farrar, R. Keller, C. J. Mazac, Rocketdyne, "High Energy Battery
System Study," Proceed. 18th Annual Power Sources Conf., 1964,

" 46, R. Keller, J. N. Foster, J. M. Sullivan, Rocketdyne, "Properties
of Non-agqueous Electrolytes," lst Quarterly Report, NAS3-8521, Jun-Sept 66,
NASA CR-T2106.

47. H. R. Knapp, U. S. Army Electronics Command, "High Energy Electro-~
chemical Batteries," Proceed. 19th Annual Power Sources Conf., 1965.

48. Ibid., Tech Report, ECOM-2632, Oct 1965.

49, D. P. Boden, H. R. Buhner, V. J. Spera, The Electric Storage
Battery Company, "High Energy System (Organic Electrolyte)," Final Report,
DA 28-043 AMC-0139%(E), Sept 66.

50, D. P. Boden, H. R, Buhner, V. J. Spera, The Electric Storage
Battery Company, "fiigh Energy System (Organic Eiectrolyte),” lst Quarterly
Report, DA 28-043 AMC-02304(E), Dec 66. .

51, D. P. Boden, The Electric Storage Battery Company, "Electrolytes
for Non-Aqueous Batteries," Proceed. 20th Annual Power Sources Conf., 1966.

52, M. Eisernberg, Electrochimica Corporation, "Research on a High
Energy Non-Aqueous Battery System”, 1lst Quarterly Report, NOw 66-0342-c,
Dec 65-Mar 66.

53, Ibid., 2nd Quarterly Report, NOw 66-O0342-c, Mar-May 66.

s, E. R. Kuppinger, M. Eisenberg, Electrochimica Corporation, Paper,
Fall Meeting Electrochemical Soc., Philadelphia, Oct 1966.

50



55, M. Shaw, A. H. Remanick, Whittaker Corporation, "Electrochemical
Characterization of Systems for Secondary Battery Application,” lst
Quarterly Report, NAS3-8509, May-Jul 66, NASA CR-T2069.

56, M. Shaw, Whittaker Corp., "Lithium-Silver Difluoride Secondary
Battery," Proceed. 20th Annual Power Scurces Conf., 1966.

57. Ibid., Private Communication.

58, J. McCallum,-et al, Battelle Memorial Institute, "Investigation of
Porous Lithium Battery Electrodes," lst Quarterly Report, AF33(615)-2619,
Dec 650

59. Ibid., 2nd Quarterly Report, AF33(615)-2619, Jan €6.

60. Ibid., 3rd Quarterly Report, AF33(615)-2619, Apr 66.

6l. Ibid., bth Quarterly Report, AF33(615)-2619, Jul 66.

62. J. J. Byrne, et al., Monsanto Reseerch Corporation, "R&D of the
Dry Tape Battery Concept,” 1lst Quarterly Report, NAS3-762k, Jun-Sept 65.

63. Ibid., 2nd Quarterly Report, NAS3-T62%k, Sept-Dec 65.
6h4. ISid., 3rd Quarterly Report, NAS3-T62k, Dec 65-Mar 66.
65. Ibid., Wth Quarterly Report, NAS3-T62k, Mar-Jun 66.

66. E. T. Seo, H. Silverman, TRW Systems, Inc., "Voltemmetric Studies
of Non-Aqueous Systems," Private Commnication, DA 28-043 AMC-CRLEW(E).

67. R. T. Foley, et al, The American University, "Investigation of
Electrochemistry of High Energy Compounds in Organic Electrolytes," Progress
Report, NASA-Grant NGR-09-003-005, Nov 6i-Apr 65.

68. Tbid., Progress Report, NASA-Grant NGR-09-003-005, May 65-Oct 65.

69. 1Ibid., Progress Report, NASA-Grant NGR-09-003-005, Nov 65-Apr 66.

70. D. R. Cogley, J. N. Butler, J. Electroch. Soc., 113, 107k (1966).

51




Uneclassified

Security Classification

DOCUMENT COMTROL DATA - R&D

(Security clasaification of title, body of abstract and indexing ennotation must be entered when the overall report is classified)
1. ORIGINATIN G ACTIVITY (Corporate author) 2&. REPORT SECURITY C LASSIFICATION
Unclassified
US Army Electrcnics Command 2b. GROUP
Fort Mommouth, N.J. G7703

3. REPORT TITLE

STATUS REPORT ON ORGAMIC ELECTROLYTE HIGH-ENERGY DENSITY BATTERIFS

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Technical Repert

5. AUTHOR(S) (Last name, first name, initial)

Braeuer, Klaus H. M., & Harvey, Jay A.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
May 1967 51 70
8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)
ECOM-2
b prosscT No. 100 14501 A 34A OM-2844
c. Task NO. —00 9b. EISHESOT‘EPORT NO(S) (Any other numbers that may be assigned

4 Subtask No. -OL

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Comanding General

US Army Electronics Command
Fort Mommouth, N.J. AMSEL-KL-FB

13. ABSTRACT

The state of the art of high-energy density, organic electrolyte batteries
hes been summarized and reviewed to present the data which has been published in
a more convenient, condensed form, and to pinpoint the problem areas on which
future work should be concentrated. The report encompasses work which was
published during the period 1962 to October 1966, and which was sponsored either
by the US Goverrment or by industrial companies and made availsble to the public.
The material in this report is organized as follows: (1) selection of anode-
cathode couples, (2) selection of battery components including electrolytes s
half-cell systems, and separators, (3) design and performance of experimental
cells, and (4) problem areas and areas of future work.

DD 152514 1473 2 Unclassified

Security Classification




Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE ROLE WT

Higb-Energy Density Batteries
Organic Electrolyte Batteries
Anode Cathode Couples
Electrolytes

Separators

Half-Cell Studies

Complete Battery Performance -

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and. address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
““Restricted Data’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional

markings have been used for Group 3 and Group 4 ‘as author-
ized. .

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be uynclassified.
If a meaningful title cannot be selected without classifica--
tion, show title classification in all capitals-in pérenthesxs
immediately followmg the title, -

4. DESCRIPTIVE NOTES: If appropnate, enter the type of
report, e,g., interim, progress, summary, annual, or final.

Give the inclugive dates-when a specific teportmg pengd is .

covered.

S. AUTHOR(S)
or in the report. - Enter last name, first name,; middie initial.
If military, show rank and branch of services The name of-,
the prmcxpal author 1s an absolute mmunum reqmrement.

6. REPORT DATE. Enter the date of the report as day,
menth, -year; or month, year.- If more than ‘one’ date appears
on the report, use date,of pyblication, | - ) : I

7a. TOTAL NUMBER OF PAGES:. The total page count
should follow normal pagmatmn procedures, i. e, enter the
number cf pages containing inférmatien. . O .. ! .

7b. NUMBER OF REFERENCES: Enter the- total nuniber of

references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

95. OTHER REPORT NUMEER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

| ESC-FM 339167

‘Enter the name(s) of author(s) as shown on | a

: ’mg for) the research #nd - development.

i 13, ABS RACT Enter an abstract giving a brief and factual
. sumn\ar;§

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination qf thejreport, other than those
imposed by security classmcatxon, using standard statements
such as:

. . Lol
“*Qualified requesters may obtain Soplés of this~

1
report from DDC.’’
(2) “Foreign announcement ancldrssehlmahdnof this
report by DDC is not authorize
(3) “U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through . L
A v I B S I
(4) *‘‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through
”
(5) “*All distribution of this report is controlied. Qual-

ified DDC users shall request through
S T o BV T AT SN VR PIES S

. If the: réport-has beeh furnished to the Office aof Xechnical
ervices, Department of Commerce, for sale to. the pubhc, indi-

1 cate thxs fact and enter ‘the price, if knowm.

1L SUPPLEMENTARY NOTES Use for addxtl’onal éxplana-

- |- toey notesi” | . AN

12,: SFQN&RING MIL!TARY A.CTIVITY" Enter the name of
the depm'tmental project office or laboratory -sponsoring (payy |
lnclude addiress; " "

of, the ddcument . mdlcatxve of the report, I éven.though
it may also appear elsewhere in the' bodygv s:le technical’ re-

port. ‘1f -additional s‘pace is required, a ¢ ntihuation sheet _:
shall be attached.

It is highly desirable that the abstract of classxﬁed re-
ports be unclassified. Each paragraph of the abstract shall
end with an indication of the military security classification
of the information in the paragraph, represented as (TS), (S),
(C), or (U).

There is no limitation on the length of the abstract.
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Iden-
fiers, such as equipment model designation, trade name, mili-
tary project code name, geographic location, may be used as
key words but will be followed by an indication of technical
context. The assignment of links, rules, and weights is
optional.

How-

(2)

Unclassified

Security Classification .




